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Abstract 
Currently, there are no reliable methods for screening potential armour materials 
and hence full-scale ballistic trials are needed. These are both costly and time-
consuming in terms of the actual test and also in the materials development that 
needs to take place to produce sufficient material to give a meaningful result. 
Whilst it will not be possible to dispense with ballistic trials before material 
deployment in armour applications, the ability to shorten the development cycle 
would be advantageous. The thermal shock performance of ceramic armour 
materials has been highlighted as potential marker for ballistic performance. 
Hence the purpose of this study was to investigate this further. 
A new thermal shock technique that reproduced features relevant to ballistic 
testing was sought. As it would be beneficial to have a simple test that did not 
use much material, a water-drop method was adopted. This was combined with 
a variety of characterisation techniques, administered pre- and post-shock. The 
methods included measurement of the amplitude of ultrasonic wave transmission 
through the sample alongside residual strength testing using a biaxial ball-on-ball 
configuration and reflected light and confocal microscopy. Once the protocols had 
been refined the testing regime was applied to a group of ceramic materials. 
The materials selected were from two broad groups: alumina and carbide 
materials. Carbide ceramics show superior performance to alumina ceramics in 
ballistic applications so it was essential that any screening test would be easily 
able to differentiate the two groups. Within the alumina family, two commercially 
available materials, AD995 and Sintox FA, were selected. These were tested 
alongside three developmental silicon carbide-boron carbide composites, which 
had identical chemical compositions but different microstructures and thus 
presented more of a challenge in terms of differentiation. 
The results from the various tests were used to make predictions about the 
relative ballistic performances. The tests showed that all of the composites would 
outperform the alumina materials. Further, all of the tests led to the prediction that 
AD995 would be better ballistically than Sintox FA, possibly up to a factor of two 
better. The predictions were in very good agreement with literature values for 
depth-of-penetration testing. The situation was more complex for the carbide 
materials, with different tests leading to slightly different predictions. However, 
the predictions from the ultrasonic tests were consistent with the available ballistic 
data. Indeed, the ultrasonic data proved to be the most consistent predictor of 
ballistic performance, supporting the view that the total defect population is more 
relevant than a ‘critical flaw’ concept. Thus, it can be concluded that with further 
development, and subject to validation across a wider spread of materials and 
microstructures, thermal shock testing coupled with ultrasonic measurements 
could form the basis of a future screening test for ceramics for armour 
applications. 
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1. Introduction 
1.1. Background to the Project 
Engineering ceramic materials are valued greatly for their high temperature and 
wear resistance capabilities and are used widely in what might be regarded as 
‘severe environment’ applications. One specific example would be their use as 
materials for armour for protection from ballistic projectiles of various sizes and 
severities. One of the principal advantages of using ceramics is that the protection 
per unit mass is generally higher than metallic alternatives making them the 
material of choice when total weight is a consideration. Ceramic have been 
implemented in lightweight body armour solutions as well as larger vehicular 
protection for many years, examples are shown in Figure 1.1. 
 
Figure 1. 1: Left, a modern lightweight armour solution made of several individual ceramic pieces 
(http://www.army-technology.com/features/feature-protection-racket-military-body-armour-
business-booming/). Right, a recent iteration of the US Army M1 Abrams tank clad in ceramic 
armour blocks (https://www.flickr.com/photos/peosoldier/3882305378/in/datetaken/) 
Current development of ballistic ceramics is usually based upon a trial and error 
approach involving firing projectiles at samples and then analysing the resulting 
damage. This requires expensive ballistic testing to be undertaken, requiring the 
correct equipment and testing facilities. Although this is costly, an equally large 
cost is associated with the manufacture of sufficient quantity of ceramic material 
to allow enough data to be collected from each test. There is also a significant 
time associated with material development.  
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Figure 1.2 shows examples of different ballistic testing set ups.  
 
Figure 1. 2: Top left, many different calibre projectiles need to be tested every time a new material 
is to be introduced (http://chesapeaketesting.com/services/ballistic-testing/). Bottom left, 
methodologies differ with some requiring elements like ballistics gel to capture the projectile after 
impacting a surface (http://www.luckygunner.com/labs/self-defense-ammo-ballistic-tests/). Right, 
testing chambers are often large and expensive to run for a full testing run 
(http://www.nap.edu/read/18621/chapter/16). 
Thus there is a requirement to devise a suite of simpler, and hence cheaper and 
more rapid, tests to assess potential candidate ceramics before embarking on 
full-scale ballistic trials. 
There are similarities in the mechanisms that dictate ballistic performance of 
ceramics and those that dictate the performance of ceramics undergoing thermal 
shock. Principally, in both types of event the ceramic experiences an ‘over-stress’ 
associated with a transient event which triggers damage in multiple locations 
unlike other types of failure in ceramics that are based upon the propagation of a 
single ‘critical flaw’. Thus, it is hypothesised that resistance to thermal shock 
damage can be used as an indicator of resistance to ballistic damage. 
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1.2. Aims 
On the basis of this hypothesis the aims of this project are: 
 To devise an experiment, as part of a suite of experiments, to investigate the 
thermal shock performance of a range of ceramic materials in a manner that is 
relevant to ballistic performance.  
 To use the techniques to rank a series of ceramics in terms of thermal shock 
performance. 
 To investigate the correlation between thermal shock and ballistic performance. 
1.3. Outline of the Thesis  
This introductory chapter is followed by a review of the literature regarding 
thermal shock techniques currently undertaken to analyse thermal shock 
behaviour, chapter 2. Following the literature review of thermal shock techniques 
is a brief overview of the characterisation techniques that can be used to analyse 
damage from thermal shock tests is presented. 
As part of the development of a thermal shock technique, chapter 3 details the 
preliminary testing that was undertaken on the basis of the ideas taken from the 
literature review in order to determine which, if any, were suitable with regards to 
the equipment available and the data required from the tests. Included in the 
discussion of the results is the rationale associated with certain aspects of each 
test being altered to simplify or improve consistency of the tests.  
Following the preliminary testing, chapter 4 gives a detailed breakdown of the 
experimental methodology. This deals with the experimental details that would 
be used for the materials. A description of the materials is followed by the material 
preparation stages and then the testing procedure including the pre-shock tests, 
the thermal shock procedure and finally the sample analysis techniques used to 
characterise the thermal shock induced damage, are presented. 
Chapter 5 details the observations from each testing method as well as an 
analysis of each group of results. Predictions from these tests are then compared 
with ballistic data. 
Finally, the conclusions from the work are then drawn in chapter 6. Suggestions 
for future work are given as well as ways to improve the current testing procedure. 
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2. Literature Review 
2.1. Introduction 
This chapter contains a review of literature relating to thermal shock. Firstly, an 
overview of the theoretical background of thermal shock is presented. Then, a 
variety of techniques are reviewed to show the range of thermal shock techniques 
available, and to inform the selection of procedures for the project.  
The results of experiments that used the techniques are shown to give an 
indication of how successful the experiments have been. Advantages and 
disadvantage for each technique are presented to show direct comparison 
between them. The experimental thermal shock techniques described include 
different types of quenching, rapid heating techniques, such as laser irradiation 
and contact cooling.  
Following this, a description the few techniques used to characterise thermal 
shock damage are given with the advantages and disadvantages of each 
explained.  
A brief overview of relevant ballistic theory is described next. It presents the basic 
mechanisms for defeating ballistic threats as well as a simplified description of 
the mechanisms of failure for a ceramic armour plate system. 
2.2. Thermal Shock: An Overview 
Thermal shock is the term used to describe the thermal stresses experienced by 
a body due to sudden change in temperature.  
In a down shock the surface of the material is put into contact with a medium that 
is of a lower temperature such that the surface will cool. For a material, such as 
a ceramic, with a low thermal conductivity, the surface will cool quickly whilst the 
interior bulk of the material will remain at a higher temperature. A temperature 
gradient between the surface and the bulk is therefore created. With this 
temperature gradient present, there will be tensile stresses in the surface 
because of the contraction, on cooling, being opposed by the hotter interior.  
18 
 
In contrast, if the contacting medium is of a higher temperature, there will be 
compressive stresses at the surface balanced by internal tensile stress as 
ceramics have higher compressive strengths than tensile strengths, down-shocks 
are usually much more damaging than up-shocks. 
In 1969, Hasselman developed a unified theory of thermal shock for brittle 
ceramics. It was ‘unified’ in the sense that the conditions for fracture initiation 
were combined with a consideration of crack propagation. For an infinitely fast 
quench, from a higher temperature, a thermal stress, σTS, is generated in the 
ceramic and is given by equation 2.1: 
σTS = 
𝐸∆𝑇𝛼
1−𝜈
      Equation 2.1 
where E is the Young’s modulus, ∆T is the difference in the temperature between 
the initial temperature of the ceramic and the quenching medium, α is the 
coefficient of linear thermal expansion and ν is the Poisson’s ratio. At a critical 
temperature differential, ∆Tc, the tensile stress is equal to the fracture strength of 
the ceramic causing crack initiation. Rearranging equation 2.1 gives the critical 
temperature differential for the onset of cracking for an infinitely fast quench. This 
is known as the first thermal shock parameter, R 
R = ∆Tc = 
𝜎𝑓(1−𝜈)
𝛼𝐸
     Equation 2.2 
It is assumed, in this case, that the quench is infinitely fast, i.e. the surface of the 
material instantaneously changes to that of the quenching medium without any 
thermal change to the bulk, which experimentally is not possible. For this reason, 
a stress reduction factor Ψ is introduced to account for the time taken for the heat 
transfer to occur. Ψ is a number between 0 and 1 and is a function of the Biot 
modulus, β. 
β = 
𝑟ℎ
𝑘
       Equation 2.3 
where r is a characteristic dimension (e.g. radius of a rod specimen), h is the heat 
transfer coefficient, and k is the thermal conductivity. Equation 2.1 is therefore 
modified to become  
σf = 
𝛹𝛼𝐸∆𝑇𝑐
(1−𝜈)
      Equation 2.4   
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Equation 2.4 can therefore be rearranged to give a critical temperature differential 
below which no cracking is observed 
∆Tc = 
𝜎𝑓(1−𝜈)
𝛼𝐸𝛹
      Equation 2.5 
The second thermal shock resistance parameter R’ introduces k, the thermal 
conductivity, and therefore takes the finite time of the heat transfer into account 
R’ = Rk = 𝑘
𝜎𝑓(1−𝜈)
𝛼𝐸
      Equation 2.6 
Use of R parameters to predict the critical temperature differential for the onset 
of thermal fracture has proven to give good agreement with experimental data 
(e.g. Davidge and Tappin, 1967, Hasselman, 1969). 
However, the initiation of fracture is not always the most important factor when 
analysing a thermal shock; the damage resistance can be more important than 
the initiation of fracture. Hasselman therefore adopted the damage resistance 
approach to determine the extent of crack propagation in the ceramic and the 
consequent changes in material properties. 
When the extent of crack propagation is more important than the initiation of 
fracture, i.e. refractory ceramics, Hasselman introduced a thermal shock damage 
resistance parameter R’’’’ 
R’’’’= 
𝐾𝐼𝑐2
𝜎𝑓2(1−𝜈)
=
2𝐸𝛾
(𝜎𝑓2(1−𝜈))
     Equation 2.7 
where γ is the fracture surface energy. 
From equations 2.2 and 2.6 it is shown that the thermal shock resistance 
parameters R and R’ are proportional to σf whereas R’’’’ is proportional to the 
inverse of σf. This shows that resistance to the initiation of thermal fracture 
requires a material with a high strength, whereas resistance to crack propagation 
and damage accumulation requires low strength. The opposite requirement can 
be said of the Young’s modulus. Because these parameters are temperature 
dependent, accurate calculations are complicated and therefore they are used as 
a method of ranking ceramics in terms of their thermal shock resistance instead 
of for design purposes. Other thermal shock resistance parameters exist, R’’ and 
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R’’’, but are not relevant to the crack propagation and the critical temperature 
discussed above. 
Hasselman’s unified theory of thermal shock for brittle ceramics recognised that 
initiation and propagation can be combined. Specifically, Hasselman recognised 
that many cracks grow non-catastrophically rather than one critical flaw 
propagating to failure resulting in reduced strength. It proposed the idea that the 
driving force for crack propagation is derived from the elastic energy within the 
body of the ceramic when failure occurs. The total energy (W t) per unit volume of 
a body is the sum of the elastic energy plus the fracture energy of the crack i.e. 
Wt = 
3(𝛼∆𝑇)2𝐸
2(1−2𝜈)(1+
16(1−𝜈2)𝑁𝑎3
9(1−2𝜈)
)
− 1 +  2𝜋𝑁𝑎2𝛾            Equation 2.8 
where E is the Young’s modulus, a is the crack length and N is the number of 
cracks. If the general Griffith approach is followed, cracks are unstable between 
the limits for which  
dWt/da = 0                 Equation 2.9 
Equation 2.8 can be substituted into equation 2.9 to give a critical temperature 
differential for crack instability 
∆𝑇𝑐 =  (
𝜋𝛾(1−2𝜈)2
2𝐸𝛼2 .(1−𝜈2)
)
0.5
. (1 +
16(1−𝜈2)𝑁𝑎3
9(1−2𝜈)
) [𝑎]−0.5  Equation 2.10 
Equation 2.10 is illustrated in Figure 2.1. 
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Figure 2. 1: Initiation temperature differential for crack propagation as a function of crack length 
density N. (after Hasselman, 1969) 
The variation of the critical temperature differential with increasing crack length 
passes through a minimum and the region of crack instability is bound by two 
values for crack length. The effect of crack density on the temperature differential 
can also be seen, with the greater value for N giving a higher value for ∆T. When 
the cracks are initially short, the elastic energy release rate, after the initiation of 
fracture, exceeds the fracture surface energy. This excess energy is converted 
to kinetic energy of the propagating crack and the crack will continue to propagate 
until the energy released has reached the total surface energy at a final crack 
length af, i.e. 
3(𝛼∆𝑇𝑐)
2.𝐸
2(1−2𝜈)
. {(1 +
16(1−𝜈2)𝑁𝑎0
3
(9(1−2𝜈))
)
−1
} − {(1 +
16(1−𝜈2)𝑁𝑎𝑓
3
(9(1−2𝜈))
)
−1
} = 2𝜋𝑁𝛾(𝑎𝑓
2 − 𝑎0
2)  
 
where a0 is the initial crack length as in Figure 2.1.  
For short cracks with af >> a0, the final crack length can found with 
𝑎𝑓 =  {
3(1−2𝜈)
8(1−𝜈2)𝑎0𝑁
}
0.5
        Equation 2.12 
Hasselman showed the link between the residual strength of a ceramic and the 
initial temperature from which it is shocked. Figure 2.2 shows the general pattern 
Equation 2.11 
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of thermal shock induced damage as the difference in temperature (ΔT) 
increases.  
 
Figure 2. 2: Strength at room temperature of 5mm diameter alumina rods subjected to thermal 
shock by quenching from initial temperature into water, (after Davidge and Tappin, 1967) 
The pattern shows a significant drop in the residual strength and then a more 
gradual drop in the residual strength for higher initial temperatures. This is due to 
at lower temperatures, cracks initiating and arresting early because of the lower 
energies. At higher temperatures, cracks can propagate fully as the energy is 
higher. Therefore, the drop in strength for lower temperature shocks is due, 
mainly, to the crack density population and not the largest single crack. The crack 
density population has proven important for ballistic performance and could prove 
to be a link between the performances between thermal shock resistance and 
ballistic performance. 
There are several techniques known for inducing thermal shock damage in a 
ceramic which can either test an up-shock, from cold to hot, or a down-shock, 
from hot to cold. 
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2.3. Current Experimental Methods 
2.3.1. Introduction  
The following is a critical analysis of common techniques used to produce thermal 
shock damage and techniques for characterising the damage. The techniques 
described include different types of quenching, rapid heating and laser irradiation.  
2.3.2. Quench Tests 
A quench test is probably the most commonly used thermal shock technique. It 
involves the slow heating of the ceramic in a furnace to a predetermined 
temperature and allowance for the ceramic to reach thermal equilibrium. The 
temperature of the ceramic is then suddenly decreased by transferring it to a 
significantly cooler, usually liquid, medium. Different liquids used include water, 
oil or a liquid metal. A quench test is usually followed by mechanical testing to 
obtain the residual strength of a set of samples.  
2.3.3. Liquid Quenching 
The advantage of a liquid quench is the simplicity of the testing equipment 
needed. Using just a furnace to heat the sample to the required temperature, the 
sample can be cooled in a controlled way by immersing it in a liquid medium. This 
simplicity allows the testing to replicated easily to verify results or continue with 
the same testing method to allow new materials to be directly compared. 
However, these methods do have disadvantages when it comes to the cooling 
rate of the ceramic. This is mainly a problem when using water as the cooling 
medium and the original temperature of the ceramic is above 100°C as the water 
immediately surrounding the heated ceramic will boil to produce water vapour 
which has a much lower thermal conductivity than water. This means that the 
heat transfer is greatly reduced and therefore the rate of cooling is reduced. The 
slower the ceramic cools the less severe the thermal shock. The heat transfer 
coefficient (h) is more difficult to obtain as the cooling rate will differ depending 
on the amount of vapour produced (Kreith 1986). Further, the heat transfer 
coefficient will not be a constant as it will change as the temperature of the sample 
changes and will be affected by the surface finish of the sample (Becher 1981). 
This means that whilst quench tests are suitable for comparing materials under 
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similar conditions, they are difficult to model and the conditions may not be 
identical for different materials.  
Quench tests using oil or liquid metals that have a higher boiling point have been 
used to try avoid the problems with steam formation. Methyl alcohol (Ishitsuka et 
al. 1989), molten salt (Soboyejo et al. 2001), liquid nitrogen (Lee et al. 1993) and 
silicone oil (Evans et al. 1975) have all been used as down-shock media, although 
molten salt can lead to chemical corrosion of the sample.  
Molten aluminium can be used, with room temperature samples; to up-shock the 
samples to induce damage (Damhof et al. 2009). The technique for using molten 
aluminium is to contact the ambient temperature sample with the surface molten 
aluminium. Damhof et al. used the transient time measurement of ultrasonic 
waves to characterise the damage as it occurred. 
Liquid nitrogen has been used for superconducting materials by Osterstock et al. 
in order to see the effect at sub-zero thermal shocks as superconductors operate 
at extremely low temperatures. 
2.3.4. Air Cooling/Quenching 
Milder down-shock tests can be achieved using cooling through ambient 
temperature air (e.g. Hugot and Glandus, 2007). Compressed air at room 
temperature is passed over the hot surface, to cool the surface rapidly. Whilst this 
is a milder shock it does allow for a constant stream of cool air to pass over the 
surface meaning that any air that becomes heated by the sample will be moved 
aside by new air being introduced. Hugot and Glandus used pneumatic actuators 
to transfer the samples from the furnace to a position where three nozzles would 
pass air over the samples. 
Alumina samples were heated to 1200℃ and compressed air passed over the 
samples to cool the surface. The temperature was decreased for each test until 
a critical temperature differential was found. Also the distance of the air nozzle 
was varied to see the change in the critical temperature that this caused. Figure 
2.3 shows the results for the critical temperature given at different nozzle to 
sample distances. 
25 
 
 
Figure 2. 3: Critical temperature difference as a function of nozzle to sample distance. (after Hugot 
and Glandus, 2007) 
The difference made by the cross-sectional area of the nozzle and the cross 
section of the sample can be seen in the figure also. The circular cross section 
for each nozzle section size proved to have the lower critical temperature 
compared to the square cross section. It also shows the larger nozzle cross 
section, cooling a larger surface area, had the lowest critical temperature. 
2.3.5. Water Flow Cooling 
A novel technique proposed by Tanaka, et al. (2004) used a water-flow cooling 
(WFC) technique so that flowing water passed over the surface of the ceramic to 
cool it. It was predicted this would help to eliminate the complicated boiling 
behaviour when the hot ceramic comes into contact with the water. Figure 2.4 
shows the schematic drawing for the WFC technique apparatus. 
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Figure 2. 4: Schematic diagram of the water-flow cooling test. (after Tanaka et al., 2004) 
The specimen, covered with an insulator, was constantly heated in an electric 
furnace while touching the cold-water-flow, which cooled the surface of the 
specimen. There were no signs of boiling on the surface of the samples that 
usually can be observed on the surface during the standard water quench tests 
and the relation between the heat transfer coefficients and the temperature of the 
specimen became almost constant. This showed less fluctuation in the heat 
transfer coefficient than conventional water quench tests, see Figure 2.5.  
Figure 2. 5: Comparison of the heat transfer coefficients in (a) the water quench test and (b) the water-flow 
cooling test. (after Tanaka et al., 2004) 
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The standard water quench test showed a variation of heat transfer coefficient 
from 5 to 23 kW m-2 K-1. The WFC tests showed an almost constant heat transfer 
coefficient at a water velocity of 0.8 m s-1. Tanaka et al. (2004) used the WFC 
successfully for porous ceramics as a thermal shock technique. 
2.3.6. Indentation Thermal Shock 
Andersson and Rowcliffe, 1996, used an indentation technique to look at the 
effect of pre-cracking on a thermally shocked sample and to determine whether 
the method could accommodate for multiple tests on a single sample of ceramic 
as opposed to using several samples to obtain the same amount of data. 
The technique involved using a Vickers diamond to indent the surface of a 3 μm 
polished ceramic surface. Each sample was indented multiple times with each 
indent positioned across the surface of the sample to avoid interaction between 
indents. Figure 2.6 shows how the indents are positioned across the surface of 
the flat plate sample. 
 
Figure 2. 6: Indentation position used to explore variability of crack extension during quenching of 
a flat plate specimen. (after Andersson and Rowcliffe, 1996) 
 
The samples are then thermally shocked using a water quench and the resulting 
cracking was analysed using microscopy.  
Five types of evaluation were performed. The first was the determination of 
influence of indentation location on crack extension. This would determine 
whether multiple indents can be used on a single sample without changing the 
properties of the sample. The second was evaluation of the effect of Vickers load 
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on the value of ∆Tc and to determine whether different loads changed properties 
of the sample.  
Andersson and Rowcliffe used three different materials in their investigation: 
Al2O3 - 22.5wt% TiN/7.5 wt % TiC, Al2O3 – 11 wt% ZrO2, and Al2O3 – 25%wt SiC 
whiskers. The samples used were plates, 12.7 mm x 12.7 mm x 4 mm thick. The 
temperature differences used ranged from 180℃ and 720℃.  
Table 2.1 shows the results for the propagation and the extension of the cracks 
at each indent on the sample. 
∆Tc was defined as the lowest temperature difference where a) the average 
extension of the cracks was more than 10% of the original length and b) more 
than 25% of the indentation cracks propagated. 
Table 2.1 Thermal Shock Propagation at Different Indent Locations (after 
Andersson and Rowcliffe, 1996) 
  
These results showed that indentations at these sites could all be used to 
determine the ∆Tc of samples as they reached the criteria set out for the 
experiment. This allows for more data to be obtained from a single specimen. 
The effect of Vickers loading on ∆Tc was investigated using loads of 10, 30, 50, 
70 and 100 N and the samples were subjected to a quench at a certain ∆T. The 
∆T was then increased by 20℃ until each indent showed crack propagation. 
Figure 2.7 show the diagram for of the Vickers indent showing crack propagation.  
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Figure 2. 7: Diagram of a Vickers indent showing crack propagation. (after Andersson and 
Rowcliffe, 1996)) 
Table 2.2 shows an example of the results obtained from one of the tests, (after 
Andersson and Rockcliffe (1996)). 
Table 2.2 Behaviour of Al2O3/TiC/TiN Indented with 100 N. (after Andersson 
and Rowcliffe, 1996) 
  
The tests showed the ∆Tc for Al2O3/TiC/TiN is at 80℃ for 100N load while for both 
the 70 N and 50 N the value increased to between 100-120℃. However, for the 
other two ceramics, there was no significant variation in the value for ∆Tc between 
the different loads. 
These results showed that this test can be used on various ceramics to test the 
whether indentation of different loads has any effect on thermal shock 
performance. 
The overall experiment proved that placement of the indentation on the samples 
has little effect on the overall results. This means that multiple tests can be 
performed on a single sample instead of having to use mulitple samples to obtain 
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the same amount of data. This work could be useful in the current work but still 
has the innate disadvantages as the standard water quenching methods. 
2.3.7. Contact Cooling 
Contact cooling is a novel thermal shock technique, devised with the aim of 
allowing the heat transfer coefficient and the induced thermal stress to be 
calculated accurately. The test involves a heated sample coming in to contact 
with a metal cooling rod with a high thermal conductivity.  
Roger and Emery (1992) used this technique with disc-shaped ceramic (soda–
lime silicate glass) samples and managed to correlate the experimental results 
with theoretical predictions. A number of samples were heated to 400, 450, 500 
and 550℃ and each in turn was contacted with a 25 mm diameter brass cooling 
rod. Oil is used at the interface improve contact between the brass rod and the 
glass disc. Figure 2.8 shows the diagram for the apparatus used. 
 
Figure 2. 8: Schematic of the brass rod contact thermal shock apparatus. (after Rogers and Emery, 
1992.) 
Acoustic emission apparatus was used to detect the primary fracture event with 
samples registering an audible event being determined to have failed.  
The results of the contact cooling showed that the probability of failure increased 
from 0.25 at 400℃ to 1.0 at 550℃. Figure 2.9 shows some samples after the 
shock has occurred. 
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Figure 2. 9: Photograph of samples tested using the contact thermal shock test (after Rogers and 
Emery, 1992) 
Any samples that remained intact were tested under biaxial concentric ring 
flexure to determine the residual strength of the samples compared with  samples 
that had not been shocked. 
The conclusion of the experiment was that contact thermal shock has several 
advantages over traditional thermal shock tests including: defined thermal 
boundary conditions, high rate of heat transfer, measurement of transient 
specimen temperature and measurement of time-to-failure using acoustic 
emission. The concept of contact cooling is easily repeatable and could provide 
a very controllable experiment for inducing thermal shock.  
2.3.8. Rapid Heating 
Rapid heating to induce thermal shock is a technique that rapidly increases the 
temperature of the ceramic by introducing it to a much hotter environment or 
heating a specific area of a sample to create a temperature gradient between two 
areas of the same sample. 
Common heating sources include plasma jets, lasers, electron beams, hot gas 
jets, arc discharges and hydrogen-oxygen flames (e.g. Pompe et al. 1993, 
Schneider and Petzow 1993).  
Zhang et al. used rapid heating to thermally shock samples of alumina. Using a 
plasma beam, they were able to heat the samples to above 500℃ in less than 24 
s. The testing meant that they were not able to measure the temperature of the 
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surface of the samples directly using a thermocouple but instead estimated the 
temperature with a thermographic camera. The temperature of the back face of 
the sample was measured and the time to failure of the sample measured for 
each sample. Failure was determined to be the moment cracking was observed 
with the thermographic camera. 
Figure 2.10 shows the arrangement of the apparatus for the plasma test. 
 
Figure 2. 10: Schematic of the plasma thermal shock test where 1) is the thermographic camera, 2) 
is the ceramic sample, 3) is the electric power source, 4) distance controller between plasma 
source and the sample, 5) is the plasma torch, 6) sample holder and 7) is the data recorder, (after 
W. Zhang et al., 2013). 
Figure 2.11 shows the recorded thermographic images just before and after the 
failure of the sample. It also shows how the thermal stresses change as a result 
of cracking by showing how the temperature across the surface alters as the 
crack is made. The white spot seen in the centre at t = 23.92 s is above 500℃. 
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Figure 2. 11: Thermographic images of a thermal up-shock, showing the distribution of 
temperature between the hotter interior and cooler exterior (after W. Zhang et al., 2013). 
Damhof, et al. (2008) analysed a variety of techniques for up-shock tests of 
samples of chamotte material. Chamotte is a ceramic derived from clay used in 
blast furnaces. The techniques critiqued included laser heating, film heaters, gas 
burners, molten metal and rapid electrical heating. The poor reproducibility of the 
heat transfer conditions for these techniques, however, meant that they were 
deemed less suitable for the purposes of the analysis.  
When rapidly heating one face of a ceramic, the other side is often cooled with 
either a fluid or metal with high conductivity (e.g. Panda et al. 2002). Their 
experiment uses acoustic emission signals to measure the damage growth during 
the heating of the sample. 
2.3.9. Laser Irradiation 
Laser irradiation is a technique used to induce thermal shock through rapid 
heating of the surface of the ceramic. Using a laser means that the power density 
of the laser is known, as it is a function of the spot size and the energy of the 
laser. This is a favoured rapid heating method because of its simplicity, 
controllability and ease of repetition. Lasers provide a constant heat flux but are 
limited to a very small sample surface meaning it is a less suitable method for a 
refractory material with coarse grains. 
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Laser irradiation has been used to identify the critical power density of the beam 
for which a crack will be produced. Akiyama and Amada (2000) investigated the 
critical power density for alumina using a CO2 laser to irradiate the surface. With 
the use of an acoustic emission sensor they were able to detect when a crack 
was generated in the specimen. 
Figure 2.12 shows the setup of the apparatus set up for the experiment. 
 
 
Figure 2. 12: Experimental apparatus for the laser irradiation of alumina samples (after Akiyama 
and Amada, 2000). 
The alumina specimens used were 50 mm in diameter and 10 mm in depth. To 
determine the critical power density, the power density was increased over a 
beam diameter of 1 mm to 60 mm with the beam duration fixed at 1 s.  
The irradiated surfaces were observed with an optical and scanning electron 
microscope to confirm acoustic emission was associated with cracking. Figure 
2.13 shows a scanning electron microscope (SEM) image of a fracture caused 
by the laser irradiation. 
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Figure 2. 13: Micrograph of a crack caused by laser irradiation thermal shock at a beam intensity of 
3.5 W mm-2 (after Akiyama and Adama, 2000). 
The experiment showed that the maximum tensile stress is generated just outside 
the beam periphery on the irradiated surface as this is where the area with the 
highest temperature gradient is.  
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2.4. Comparison of Techniques 
Having reviewed a number of techniques, the advantages and disadvantages of 
each were weighed against each other. Table 2.3 shows a summary of the 
advantages and disadvantages having reviewed a number of techniques. 
Table 2.3 Advantages and Disadvantages of the Thermal Shock tests. 
Technique Advantages Disadvantages 
Water quench A widely used technique that is easy to 
replicate and compare results directly to 
other tests of the same method. It is 
simple to repeat as the apparatus us 
widely available.  
Water evaporation at the surface 
makes it difficult to determine the 
cooling rate. The orientation at which 
the sample enters the water will 
change the way the sample cools 
(after Rogers and Emery, 1992). 
Laser irradiation Known amount of energy is given to the 
surface of the material. Fast and easily 
repeatable. (after Akiyama and Adama, 
2001) 
Difficult to induce thermal shock as 
heating tends to be isolated (after 
Akiyama and Adama, 2001). 
Contact cooling Metals have a higher thermal 
conductivity than water and there are no 
vapour effects present. Temperature 
can be measured during the shock. Well 
defined thermal boundary (after Rogers 
and Emery, 1992). 
Complete contact can be difficult and 
the samples need to be perfectly flat 
to maximise the contact and 
therefore thermal transfer. 
Flame heating This is an effective and repeatable up-
shock technique that requires little 
apparatus to set up (after W. Zhang et 
al., 2013). 
The temperatures before and after 
the shock are difficult to measure 
meaning the heat transfer is difficult 
to calculate (after W. Zhang et al., 
2013). 
Water drop test This technique will allow for the amount 
of water used to be calibrated for the 
sample size in order to compare the 
damage between different materials. 
Water evaporation is still present but 
the method of applying water to the 
sample is constant unlike the quench 
test. Parts of the sample can be 
cooled by accident by drops 
splashing as the fall. 
Water flow test This test should eliminate the water 
vapour layer present in the quench test. 
It allows the entire sample to cool 
instead of part of it in isolation. Multiple 
samples can be cooled at once if the 
transition from furnace to water is 
optimised. (after Tanaka et al. , 2004) 
The time spent transferring the 
sample to the water will need to be 
minimised in order to make all the 
tests equal. The flow of water must 
be linear to keep the cooling 
consistent from test to test. 
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2.5. Characterising Thermal Shock Damage 
2.5.1. Introduction 
Characterisation of the thermal shock induced damage can be undertaken via a 
variety of techniques both destructive and non-destructive. Mechanical testing, to 
measure the residual strength of a material after thermal shock falls under the 
destructive testing category and is one of the most commonly adopted 
techniques. 
As well as measuring the failure strength of the samples after a single shock it is 
possible to measure the resistance to thermal shock by measuring the number of 
shocks it takes for the sample to fail due to the constant cycling from high to low 
temperature.  
There are also a number of non-destructive techniques that can be used 
independently or in conjunction with one another and/or destructive methods. 
These will be discussed in the following sections. 
2.5.2. Acoustic Emission 
When a crack forms there is a release of energy in the form of sound. If this can 
be detected then it can be used as a way to monitor cracking, even when the 
crack cannot be seen. 
This technique relies on being able to mount the sample on an acoustic emission 
detector at the same time as shocking the sample. It is commonly used for 
detecting cracking for up-shocks such as those induced by laser irradiation or 
flame heating.  
Akiyama and Amada, 2000, used acoustic emission to detect cracking during the 
laser irradiation of alumina samples. They used it to listen to when the cracks 
occurred in order to determine the critical temperature differential of the sample. 
Acoustic emission has proven less suitable in water quench tests because often 
the noise of the boiling water will cover the noise of any cracking. This is why 
acoustic emission is more commonly used in tests such as the contact cooling 
and laser irradiation as shown previously. 
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2.5.3. Microscopy and Dye Penetrant Inspection 
For some materials, it is possible to visually identify cracks on the surface of the 
material. Microscopy allows the surface to be inspected for signs of cracking but 
is a slow inspection process. 
Visually inspecting a sample for signs of cracking can be difficult so a dye can be 
used to improve the contrast between the cracks and the surface allowing the 
cracks to be more visible.  
Dye penetrants are used for simple microscopy to give the cracks a greater 
contrast from the bulk of the material. The application of a dye and the 
subsequent penetration is based upon capillary action meaning the dye must 
have a sufficiently low surface tension to penetrate small cracks. An ultrasonic 
bath can be used to accelerate the penetration allowing the dye to move into the 
smaller cracks more efficiently. A developer is then applied to the surface making 
the dye visible under either white or ultraviolet light. 
Dye penetrant can be most effective when studying thin samples as often the 
cracks will be visible from both sides of the samples when the dye is present. 
Most dyes are oil based and are classified by sensitivity level. Visible dyes are 
typically red and are the lowest sensitivity whilst fluorescent dyes are for more 
sensitive applications as the yellow-green dye will contrast well under ultraviolet 
light in the dark. 
2.5.4. X-ray tomography 
X-ray tomography is a non-destructive technique used for inspecting micro 
cracking in materials. It involves observing images produced when X-rays are 
passed through a material. 
X-ray tomography is used in several ceramic related experiments where the inner 
bulk of the materials need to be analysed without mechanically cutting the sample 
to view the inside.  It would be a technique most useful in determining the crack 
population density as it allows a model to be made of the internal structure of the 
sample. 
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Refraction Computed Tomography (RCT) images the projection of the surface by 
detecting the image produced when the X-rays are refracted when passing 
through the material. Schors et al. used both techniques to determine their 
sensitivities for detecting cracks in a material. 
Figure 2.14 shows the apparatus set up for the experiment undertaken by Schors 
et al. with the RCT detector shown on the right. 
 
Figure 2. 14: X-ray tomography schematic for CT and RCT scanning of materials. (after Schors et 
al., 2006) 
Figure 2.15 shows the images resulting from the work of Schors et al. where X-
ray Computed Tomography (CT) and Refraction Computed Tomography (RCT) 
were used to analyse micro cracks in a carbon/carbon ceramic matrix composite. 
The figure shows the level of cracking present in each sample and compares the 
image obtained from each test. 
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Figure 2. 15: X-ray Computed Tomography (CT) of Carbon/Carbon ceramic matrix composite (C/C-
CMC); left: conventional (X-ray absorption) CT, right: cracks by Refraction Computed Tomography. 
(after Schors et al. (2006)) 
Obtaining an image of the internal structure allows the damage sustained by the 
sample to be mapped and characterised. 
Tomography has been used to analyse the remains of ballistically tested samples 
and could be used to compare damage in ballistically tested samples and 
thermally shocked samples.  
2.5.5. Ultrasonic Examination 
Monitoring the effect of defects on the speed of sound in a body is a technique 
that is used to detect cracks in a wide range of things including structures like 
bridges and even components used inside computers. The techniques vary but 
the use of ultrasonic frequencies to detect anomalies is the same.  
For ceramic materials being thermally shocked, acoustic emission is commonly 
used to detect cracks as they appear but this technique can have difficulties in 
determining what signal indicates a crack to begin with. Therefore, techniques 
like acoustic relaxation can be implemented before and after the thermal shock 
allowing for any differences in the materials to be compared directly. Acoustic 
relaxation differs from the acoustic emission technique in that it cannot be used 
to detect cracks the moment they happen but rather detect the change in wave 
velocity from before the thermal shock to after, in order to determine the extent 
of cracking present in a sample. 
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Deneuville et al. used high frequency ultrasonic waves to detect C-cracks in 
silicon nitride ball bearings. C-cracks are defects that occur when the balls are 
impacted during finishing and handling. It was found that the presence of C-
cracks can generate a reduction in the velocity of waves passing through the 
material. 
Figure 2.16 shows the reduction of the velocity between samples without and with 
cracks present. 
 
Figure 2. 16: Reduction of wave velocity from samples without defects to samples with defects. (after 
Deneuville et al.) 
Acoustic relaxation will form a significant part of this project as it allows for direct 
comparison of samples before and after with well-defined results unlike 
techniques that require visual inspection which can be subject to human error. 
Ultrasonic inspection can refer to a technique that uses transducers to measure 
the amplitude of ultrasonic waves through a material. This technique is used in 
the aerospace industry to identify cracking in aircraft wings as a result of constant 
expansion and contraction due to the change in environment that an aircraft 
experiences during flight. 
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2.6. Ballistic Performance of Ceramic Armours 
2.6.1. Introduction 
Ceramics have reportedly been used as armour materials dating back to 1918 
when Major Neville Monroe-Hopkins noticed that a 1/16” layer of enamel on steel 
plates resulted in an increase in the protection that the steel provided from 
projectiles (Dunstan and Volstad, 1984).  
In 1963 a US patent was filed by R L Cook for the first designs of a ceramic 
armour (Cook, 1970) but it was not until the Vietnam War that the first ceramic 
body armours were issued (Bart and Lindberg 1987) and further research to 
understand the contributing factors that dictate ballistic performance undertaken 
(Wilkins et al. 1967) (Wilkins 1967) (Wilkins 1968) (Wilkins et al. 1969). 
This increase in development of protection against ballistic threats through the in-
depth research into new ceramic armours resulted in a significant increase in the 
effectiveness of the resulting armours. Today, greater threats are becoming 
apparent and the need for better protection against these threats is at an all-time 
high. As new threats begin to evolve, the market for body armours is expanding 
and is predicted to reach a value of $19 billion by 2022 (Market Publishers 2012). 
In the application of body armours, ceramic materials are used due to their high 
hardness and high performance to weight ratio. This limited understanding, 
however, does not allow us to understand the absolute optimum development 
format for the improvement of ballistic performance. 
The nature of a ballistic impact is highly complex which means understanding the 
factors that determine performance is challenging. During a high strain rate 
impact, the behaviour of a ceramic is difficult to predict as well and analyse. 
Complex and dynamic deformation and very short failure time duration. 
To further the development of ceramic armours, research has focussed on 
attempting a link between the properties.  
This section will review how testing of ballistic performance is undertaken, what 
ceramic armour systems are currently in use, different types of ceramic used in 
armour applications, behaviour of ceramics under ballistic impact and material 
properties that have shown to affect ballistic performance. 
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2.6.2. Ballistic Threats 
With development of any kind of material, it is important to keep in mind the 
application and how that application can change with the environment. For 
armour materials it is especially important to understand that not all ballistic 
threats can be treated in the same way. The design of ballistic threats has 
developed significantly since the first fire arms which used a steel ball or shot. 
Factors such as, size, shape, velocity, material and explosive capabilities all 
change how an armour performs. It is for this reason that the different class of 
threat must be understood before the different armour types can be explained. 
Ballistic threats are generally classified into four categories: small-calibre, long 
rod penetrators, shaped charges and Improvised Explosive Devices. A common 
threat faced by the UK armed forces is that of small calibre fire-arms. Projectiles 
comprising of hardened lead coated in copper or even a hardened steel core like 
the 7.62x39mm, Fig 2.17, are extremely common in modern war-zones. 
 
Figure 2. 17: Lateral view of a steel-cased 7.62×39mm cartridge used in the AK-47 rifle 
(https://en.wikipedia.org/wiki/7.62x39mm) 
The aim of an armour system is to provide a defeat mechanism by which the 
threat is neutralised. For small calibre projectiles, the defeat mechanism desired 
is fragmentation of the projectile and capture of the fragments resulting from the 
initial impact (Gooch Jr 2011). Figure 2.18 shows how a ballistic projectile 
fragments when it impacts a ceramic armour. The projectile is broken in to 
multiples pieces as the energy is dissipated during impact. 
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Figure 2. 18: High speed imagery of the fragmentation of ballistic projectiles impacting a ceramic 
armour (University of Dayton Research Institute, www.udri.udayton.edu). 
Long rod penetrators, in contrast to the hardened cored projectiles of smaller 
calibres, use a material with high density, lower hardness but higher fracture 
toughness meaning they pose a greater threat as they are less likely to fracture 
on impact. The primary defeat mechanism for threats like this is erosion of the 
projectile rather than attempting to fracture it as demonstrated in Figure 2.19.  
 
Figure 2. 19: The resulting debris of a long-rod penetrator after impact with a ceramic-Ti composite 
material (http://thyme.ornl.gov/). 
Shape charges, used in rocket propelled grenades (RPG), use an explosive that 
on impact deforms a cone of metal, typically copper, that is projected forward as 
a stream of liquid metal. This projectile liquid metal poses a huge ballistic threat 
45 
 
as stresses of approx. 100 GPa, far exceeding the yield strength of any ceramic 
are produced. Because the stresses involved are so high, these threats are not 
applicable to the ideas investigated in this project. 
As this project looks to investigate a link between ballistic performance and 
thermal shock it was decided to focus on the threats like that of the smaller calibre 
projectiles to keep the mechanisms of failure as simple as possible. 
2.6.3. Ceramic Armours 
In order for a ceramic material to be implemented correctly and allow it to defeat 
ballistic threats successfully, it must be integrated into an armour system. The 
ceramic material is the means by which the energy of the ballistic threat is 
dispersed and the threat fragmented into pieces.  
The combined system of a ceramic material paired with a more ductile backing 
material such as steel or lighter composite materials allows the ceramic material 
to disperse as much energy as possible from the projectile, to avoid blunt trauma 
injuries, and then the softer backing material captures the fragments as they pass 
through the ceramic.  
Once a projectile impacts a ceramic, the protection it provides is no longer 
available as the ceramic fragments on impact to dissipate the energy of the 
projectile. Basic armour systems (see Figure 2.20) use a large plate of ceramic 
backed with steel, however, more modern armour systems use individual ceramic 
pieces that form a complex array as in Fig 2.21. 
 
Figure 2. 20: Large plate ceramics are cheaper to manufacture than more complex, multi plate 
designs (http://www.coorstek.com/markets/aerospace_defense/body_armor.php). 
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Figure 2.21 shows a complex system using small segments of ceramic to isolate 
the damage from a projectile. 
 
Figure 2. 21: Segments of ceramic grouped together in a complex armour system (Defense Update, 
http://defense-update.com/products/l/liba.htm) 
Having individual segments of ceramic as opposed to one large plate means that 
when impacted by a projectile, only part of the system is compromised and the 
rest of the system is still intact should another projectile impact upon it. This effect 
can be seen in Figure 2.22, where the impact of a single round has caused, not 
only, the tile it struck to fail but also the surrounding tiles adjacent to it. 
 
Figure 2. 22: Multiple tile failure from a single impact from a ballistic projectile 
(http://www.aslgrp.com/portfolio-categories/armour-protection). 
Figure 2.23 shows the comparison between large tiles against smaller ceramic 
segments and the effect on impact damage generated. 
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Figure 2. 23: Comparison of the impact damage between an array of large tiles and smaller 
cylindrical discs (Gooch Jr 2011). 
The larger tiles, shown on the left, have incurred more damage due to the way 
that a projectile interacts with the tiles being such that any tiles touching each 
other are at risk of damage. The smaller discs, have contained the energy of the 
projectile more easily because there is less contact between each disc meaning 
less energy transfer between them (Hazell et al. 2008). 
2.6.4. Ballistic Interaction with Ceramics 
The mechanisms of a ballistic impact with any material are extremely complex. 
For ceramic materials, it can be simplified by explaining the shockwave 
propagation inside the material. 
When a ballistic projectile impacts the material, at high velocity, compressive 
waves with high amplitude and high velocity propagate through the material. The 
compressive waves pose a low threat to the ceramic as they are inherently suited 
to coping with compressive forces. Once this compressive wave reaches the rear 
side of the material, it is reflected back as a tensile wave due difference in 
impedance between the ceramic and free space or material behind it. This tensile 
wave creates an extremely high concentration of tensile stresses causing high 
levels of cracking throughout the ceramic as the waves pass through it (Hazell 
2015). 
As the tensile wave is shown to induce more damage than the compressive wave 
(Hazell 2006), it will be important to identify ceramic materials that show a greater 
resistance to tensile stress wave propagation.  
48 
 
2.7. Methods of Ballistic Testing 
There many different ways of testing ceramics to determine ballistic performance. 
Tests intensity ranges from simple tests use ball bearings fired from an air cannon 
to high-velocity projectile testing using live-ammunition on a firing range. 
Two of the most common, depth-of-penetration (DOP) and V50 
Depth-of-penetration testing uses a soft material, commonly aluminium alloy, to 
catch the projectile after it has passed through a material of known thickness. The 
result is then compared to the DOP in the absence of any material in front of the 
block. The depth to which the projectile penetrates the aluminium will give an 
indication as to how much energy has been dissipated as the bullet has passed 
through the material 
Figure 2.24 shows the set up where a block of aluminium is tested without and 
then with the ceramic material in front. 
 
Figure 2. 24: The measured depth-of-penetration will change depending on the properties of the 
ceramic material with which the projectile impacts with (Hazell,2010). 
When comparing the materials, it is important that not only the projectile 
properties are constant but also the tile thickness. 
Alternatively, this method can be used to calculate the resisting stress of a 
material which in turn can be used to compare what difference that changing the 
thickness of the material will have on the ballistic performance. 
DOP is a relatively convenient method of comparing potential armour materials 
as it uses small amounts of material for each test. Hence, it tends to be used for 
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material development or screening process, it is not however, as representative 
of the threats seen by actual armour when in use. A more realistic test involves 
firing at tiles on a backing material and calculating V50 velocity. 
When measuring the V50, the ceramic being tested is bonded to a backing 
material with a piece of aluminium foil, a material placed behind the target to 
determine whether the projectile has penetrated the target. 
Numerous tiles of ceramic are shot at different velocities. It is important that 
velocities are used that span a range such that some tiles are penetrated but 
others are not. Due to the variables in ceramic properties, some high velocities 
will not penetrate whereas some lower velocities will cause the projectile to pass 
through the armour. From the range of data, the velocity with 50% probability of 
penetration, V50, can be calculated. This type of testing requires significantly more 
material than a DOP test. 
Once the methods had been refined then the developed protocols were applied 
to two commercially alumina materials, Sintox FA and AD995, and three 
developmental silicon carbide-boron carbide materials. These materials were 
selected for a number of reasons. Firstly, the two families show very different 
ballistic behaviour and hence any new test should be able to distinguish them 
easily and secondly, within a family, the materials are very similar and so any 
new test would need to be able to rank the materials on the grounds of smaller 
differences. For example, the three developmental SiC-B4C composites have 
very similar compositions, all have 10 % wt B4C, and yet they all show different 
physical properties. 
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2.8. Comparison of Tests 
On a very simple level, thermal shock and ballistic testing have some similarities 
in that they both result in transient stress states in which the material is 
overstressed and fractures in a complex manner, probably from multiple initiation 
sites. However, unlike ballistic testing, thermal shock testing has the advantage 
of only requiring small numbers of small samples. 
The key features of the various test methods are compared in Table 2.4. 
Table 2.4: Comparison of the different ways of testing armour ceramics. 
Ballistic Testing Thermal Shock Quasistatic Testing 
Rapid timescale Rapid timescale Slow timescale 
K (stress) decreasing K (stress) decreasing K (stress) increasing 
Complex fracture 
mechanism 
Complex fracture 
mechanism 
Relatively simple 
fracture mechanism 
Large sample Small samples Small samples  
Large numbers of 
samples/materials 
needed 
Low numbers of 
samples/material 
needed 
Low numbers of 
samples/material 
needed 
From this it is possible to see why a possible link between thermal shock and 
ballistic performance could be found. 
In the following chapter, various thermal shock test methods are investigated 
further and analysed as to their suitability for this project. 
 
 
 
 
 
51 
 
3. Development of a Thermal Shock Technique 
3.1. Introduction 
Following the identification of several possible techniques in the literature review, 
preliminary trials were conducted to test various methods of inducing thermal 
shock. Each method is based upon methods found during the literature review 
and adapted to suit the equipment available to this project.  
Methods used to analyse the damage caused by the thermal shock include 
inspection techniques such as dye penetrants, confocal microscopy, electron 
microscopy, tomography and visual inspection. Most of these characterisation 
techniques are described in the literature for the thermal shock techniques as 
they are used in conjunction with those tests. 
3.2. Materials 
For the preliminary work of this project, alumina was used in the evaluation of the 
thermal shock techniques as representatives of two major classes of ballistics 
ceramics. They are widely available as well as being commonly used ceramics in 
the ballistic armour. These ceramics were chosen as they both represent 
common materials used in ballistic armour  
The alumina for this stage of the project was AD995, provided by DSTL, which 
was sliced and cut from a single block of material, thus ensuring that as far as 
possible, the same material was tested throughout. The initial block cube 
measured 200 x 200 x 50 mm and was machined using diamond edged tools. 
The final test of the preliminary testing used a silicon carbide material, 
manufactured by Tom Williams at Morgan Advanced Ceramics. This test was 
undertaken to ensure the tests were suitable for a different type of material. 
3.2.1. General Material Preparation  
Material preparation for most samples used in the preliminary testing included 
cutting, drilling, grinding or polishing the material. The cutting process used a 20 
mm diameter diamond cutting wheel similar to the drilling which used a diamond 
core drill. Grinding and polishing used a series of plates with a decreasing size of 
52 
 
diamond suspension to gradually decrease the amount of material removed 
during each stage on the procedure. 
The first test undertaken was using the classic water-quench test. This test 
required bars of alumina cut from a block. Each bar measured 50 x 10 x 1mm 
with each surface made flat on a grinding wheel at 20 µm surface finish. 
The laser irradiation test simply used a single block of alumina 50 x 50 x 10 mm. 
This sample was unpolished but the surfaces were flat. 
The third set of tests, including the contact cooling, used a simple sample 
configuration. A basic square sample, 35 x 35 x 1 mm was cut from a 1 mm thick 
sheet of alumina. The edges of each square were ground to smooth the surface 
roughness and the corners were slightly chamfered as well. 
The last set of preliminary test methods, for the water-quench and the water drop 
tests, used sample cut from a larger block of ceramic. Each sample was cut from 
a core taken from the block and the surfaces were polished to a predetermined 
surface finish. The first discs cut were 25 mm in diameter and 1 mm thick but 
were later replaced with 37 mm diameter, 2mm thick discs. 
For the first set of tests, the samples were polished to 1 µm which proved time 
consuming. For the later testing, to determine what effect the level of surface 
finish had on the thermal shock performance of the ceramic, each sheet for the 
water-drop “Test 4” was polished to five different levels of finish. The five polishing 
finishes chosen were 75 µm, 40 µm, 15 µm, 6 µm and 0.1 µm. This was done so 
that if the difference between a highly polished surface and the less polished 
surface was minimal, it would mean time could be saved later in the testing 
procedure by polishing the sample less. 
After the first tests, the tests that required the material to reach an equilibrium 
temperature before cooling, including the contact cooling, water-quench and 
water-drop tests, used a heated hot-plate surface to allow access to the top side 
of the material. 
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3.3. Preliminary Testing  
The following is a description of the initial testing methodology for inducing 
thermal shock as well as the results and adaptations made to the tests based on 
those tests. 
3.3.1. Mechanical Testing 
Mechanical testing was used for three of the four test methods based on the first 
stages of each test. If signs of thermal shock could be determined either by eye 
or using a microscope, the testing method would be repeated and the residual 
strength of the samples in the test. 
It was decided to assess the samples using biaxial flexure testing. This was 
chosen as a result of knowing the samples could have different properties 
depending on orientation due to the irregularity of the crack orientation. As 
mechanical testing is looking to find the residual strength as a factor of the largest 
crack formed in the sample, the test method must be able to find the largest flaw 
in the sample and fail as result of it. 
To eliminate this, biaxial tests apply the force of the test, in 360° so that the largest 
cracks that have formed as result of the thermal shock, are made to fail no matter 
which orientation they are in. 
The first test used 50 x 10 x 1 mm ceramic bars where the bars were tested using 
3-point beam testing method. The testing used a gap of 40 mm and the residual 
strength measured using a 5kN load cell. 
Following this initial test, a biaxial test rig, shown in Figure 3.1, was designed and 
manufactured to allow biaxial testing to be administered on the following samples. 
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Figure 3. 1: Biaxial flexure rig to determine the residual strength of discs and plates. 
The biaxial flexure rig works by placing the disc or plate on top of 3 ceramic ball 
bearings spaced 120° from each other in a ring. The ball bearings, made of 
aluminium nitride, measure 2.5 mm in radius. The sample is then compressed by 
another ball bearing from the other side using an Instrom Compression Testing 
rig. The compression rig measured the load applied to the sample and the load 
at which it breaks due to the biaxial stress applied across it. The testing used a 5 
kN with a compression rate of 1 mm/min. 
This method of mechanical testing was chosen after the 3-point beam testing 
method was used for the initial water-quench tests, the reason for which is 
discussed after the results and discussion of the preliminary testing. 
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The results for residual strength are given as a stress measured in N/mm2 as 
calculated from the compressive load measured by the compression rig using 
equation 3.1, Park et al.: 
𝑆 =
6𝐿
𝑇2
∗ (
9.807
4𝜋
)((1 + 𝜈) (ln
𝐴
𝑅
) +
1+𝜈
2
+ (
(1−𝜈)(2𝐴2−𝑅2)
4𝑅𝑑
2 )  Equation 3.1 
where: 
S = failure stress (N/mm2) 
L = load (N) 
T = thickness of the disc (mm) 
ν = Poisson’s ratio of material tested 
A = radius of the 3 support ball bearings 
Rd = radius of the sample disc 
R = radius of contact of the loading ball bearing given by Equation 3.2, Park et 
al.: 
𝑅 = 0.721 (𝐿×𝐷𝑏×9.807 (
1−𝜈𝑏
2
𝐸𝑏
) +
1−𝜈2
𝐸
)    Equation 3.2 
where: 
Db = diameter of the loading sphere 
νb = Poisson’s ratio of the loading sphere 
Eb = Young’s modulus of loading sphere 
E = Young’s modulus of the sample disc 
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3.3.2. Laser Irradiation 
The laser irradiation test was a simple attempt to rapidly heat an isolated spot on 
the surface of the alumina material. The laser used was a krypton fluoride 
“Lambda Physik LPX 210i” laser with a pulse length of 25 ns and energy of 72 
mJ.   
The sample of alumina was irradiated with different numbers of pulses, one, two 
and ten pulses with a spot size of roughly 2 mm2. Another area was irradiated 
with a smaller spot size of 1 mm2 for ten pulses on each sample to give a 
comparison to the larger, lower energy density, spot size. 
In order to see if the test was viable, each area irradiated, was looked at using a 
light microscope and scanning electron microscope (SEM). The samples were 
inspected for any signs of damage or cracking on the surface of the material to 
determine what information could be taken from each test.  
3.3.3. Laser Irradiation Results 
The alumina sample was analysed in the SEM and confocal microscope to look 
for any signs of cracking induced by the laser. Ultimately the results showed there 
was no visible cracking on the surface of the material because the laser had 
actually melted the surface of the ceramic. Figure 3.2 shows the surface of the 
alumina at the edge of area that was pulsed by the laser.  
 
Figure 3. 2: Scanning electron micrograph of alumina irradiated at an energy of 72 mJ over an area 
of 1 mm2 
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The left hand side shows the normal arrangement of grains, clearly visible, whilst 
the right hand side shows a flatter, smoother surface. This appeared to show that 
the right hand side had been melted by the intense heat of the laser. If this was 
the case, any cracks that had formed would then have melted and reformed. 
3.3.4. Laser Irradiation Conclusions 
From this limited investigation it was shown that the technique proved 
unsuccessful at inducing thermal shock. With no sign of cracking it would have 
taken significant adaptation to prove the concept was feasible. 
With the high cost of the technique and lack of facilities available, coupled with 
the potential lack of positive results, it was decided to prioritise other forms of 
testing that would be more readily available.  
3.3.5. Contact Cooling 
The contact cooling method uses a solid material, usually metal, with a high 
thermal conductivity, at low temperature, to cool the surface of the ceramic rapidly 
from a high temperature or vice versa.   
The initial testing for this technique used a furnace to heat the samples which 
were then moved out of the furnace to be cooled by the contacting metal. This 
highlighted a problem as the cooling of the ceramic being moved from inside the 
furnace could not be measured and therefore an alternative heating method was 
investigated. To that end, a heating plate capable of reaching 500℃ was 
substituted for the furnace. This meant that the samples were placed on top of 
the heating plate arrangement to allow the contacting metal to be placed on the 
top of the surface.  
Once the sample reached the required temperature, the copper heat-sink was 
placed on top of the sample to induce the thermal shock. Each test held the 
copper in place for 10 seconds to allow the ceramic to cool significantly. The first 
test, used square alumina plates cut from a larger plate of material. 
Figure 3.3 shows the apparatus arrangement for the contact cooling test using 
the heating plate. The metal used to cool the alumina tiles was copper due it 
having a high thermal conductivity. 
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Figure 3. 3: Schematic diagram showing the arrangement for contact cooling test. 
This first test, using this method, used individual samples at 500℃ to see if, at a 
maximum possible temperature, there was any sign of cracking. If cracks could 
be detected in any form, the test would be refined to a lower range of 
temperatures tested to see what difference could be detected.  
After the initial test, a change in sample shape was made to have disc samples, 
325 mm in diameter and 1mm thick. Four sets of five samples were made and 
tested at room temperature, 200℃, 300℃ and 400℃. The discs used in this test 
were mechanically tested using biaxial flexure to keep in line with the other 
thermal shock tests planned. 
3.3.6. Contact Cooling Results 
The first test, using a sample heated to 500℃ showed that the test could 
successfully induce damage if the initial temperature was high enough. The 
samples were heated to a certain temperature and then cooled using a 200 g 
cube of copper. These simple initial tests showed that samples could be made to 
fail at this temperature and that the methodology had merit and deserved to be 
investigated further. 
 
 
Ceramic 
Heat transfer 
Copper 
Heating Plate 
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Figure 3.4 shows a sample that failed due to the thermal stresses caused by the 
contact cooling method at 500℃. 
 
Figure 3. 4: Photograph of a failed alumina sample thermally shocked by contact cooling. 
This sample was one of several that showed significant cracking after the copper 
heat sink was removed. There were other samples, however, that showed no 
sign of significant damage at such as high initial temperature. 
To show if the effectiveness of the methodology would be suitable for further 
testing, the second test used a range of temperatures. This was to determine 
whether the method could be repeatable and consistent and whether it would 
produce results that are consistent with other previously proven thermal shock 
techniques.  
Figure 3.5 shows the biaxial flexure results from the second contact cooling test.  
 
Figure 3. 5: Result from the biaxial flexure testing of contact cooled alumina samples. 
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Whilst there appears to be a drop in the residual strength for the shocked 
samples, it is not as much as might be expected, like the drop seen in the water 
quench test, (see Figure 3.6).  
3.3.7. Contact Cooling Conclusions 
Whilst the contact cooling method showed promise after the initial test, it proved 
to lack consistency when testing multiple samples.  
It was observed during testing that the contact between the copper and the 
ceramic was not as perfect as first hoped even though both surfaces were highly 
flat and polished to start with. 
The poor contact between the ceramic and the copper could explain why the drop 
is not as great as expected. This would require a great deal of work to finely polish 
each surface and ensure that the copper heat sink remained flat after each 
thermal test.  
If the heat sink is being constantly heated rapidly and cooled, it could result in the 
surface changing slightly over time meaning the rate of cooling could change after 
a few tests. 
It is also possible that the ceramic is not being cooled as quickly because it is still 
in contact with the heat source, the heating plate, when the copper is pressed 
onto the surface. If the sample remains in contact with the heating plate, it could 
mean the ceramic doesn’t cool as rapidly and therefore the thermal shock is not 
as high as expected. 
In order to move this test method forward it would have been necessary to ensure 
that the surface of the copper and ceramic match perfectly and that as the heat 
sink is applied to the ceramic, the heat source is removed from being in contact 
with the ceramic.  
The problems that arose in the testing of contact cooling were most likely due to 
the poor contact between metal and ceramic which caused inconsistent cooling. 
The problem of removing the ceramic heat source when it is contacted to the 
metal complicated the method.  
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Even though the method proved inconsistent for a number of reasons but did put 
forward a few ideas for the testing methods that followed such as the use of a 
heating plate to allow a single face of the sample to be cooled.  
3.3.8. Water-Quench  
The first stage of water-quench testing used the bar samples described in 3.2.1. 
Each bar was heated in a furnace to the required temperature and then immersed 
in room temperature deionised water measured to be 25℃. 
For the first test samples of alumina were heated to 150℃, 300℃ or 450℃ in a 
furnace. The samples were individually removed from the furnace and dropped 
into water at 25℃ in order to rapidly cool them enough to induce thermal shock.  
The samples were then analysed under a microscope to see if any cracks were 
visible. After the visual inspection of the surface, the samples were tested under 
3-point beam testing to determine the residual strength of the samples after the 
thermal shock. The   
A control group of bars that had not been thermally shocked were made and 
prepared in the same way as the others and subjected to 3 point-beam testing. 
Both sides of the bar were polished to an as even as possible finish. 
The results for the four sets of samples were compared to analyse the 
effectiveness of the test method.  
The water-quench method would continue to be used alongside the water-drop 
test as a way of directly comparing a known test method against the custom 
designed test method for this project. 
3.3.9. Water-Quench Results 
The alumina bars, that were quenched, were analysed using a light microscope 
and tested using 3-point beam flexure to determine the residual strength of the 
bars. Although the visual inspection with the microscope could not detect any 
significant cracking in the samples, the flexure tests gave the results in the graph 
below, Figure 3.6. 
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Figure 3. 6: Residual strength of alumina bars measured using 3 point-beam testing. 
The samples showed a significant decrease in residual strength after each step 
up from the initial temperature. This follows the expected trend set out by previous 
research into ceramic performance and thermal shock although there is no clear 
drop to indicate the critical temperature differential. 
As the results show, the water quench was successful in inducing thermal shock 
but there were concerns regarding the validity of using the 3 point-bend testing 
method to determine the residual strength of the ceramic.  
From this initial test, a second test using the disc shaped samples was 
undertaken as a way of comparing this method with the water drop test in Test 2. 
3.3.10. Water-Drop 
The aim of using a technique like this is to try to induce thermal shock in an 
isolated part of the ceramic, imitating the damage a ballistic object causes when 
fired at a ceramic. The water-drop test is similar to the water quench test but does 
not require the sample to be completely immersed in water for the shock to occur. 
The samples are heating on top of a heating plate and then a known quantity of 
water is administered on to the surface in regular drops to provide a constant 
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stream of water to cool a specific area of the ceramics surface. Figure 3.7 shows 
a schematic of the water-drop test set up. 
 
Figure 3. 7: Schematic diagram of the custom designed water-drop test. 
The drops are dropped from a height of 50 mm using a glass pipette. Single drops 
used a simple glass dropper and for larger amounts of water, glass pipettes of 1 
ml, 3 ml and 5 ml were used for different tests. Droppers and pipettes were guided 
by a clamp stand to maintain consistency of the experiment. 
For this method, several tests were undertaken to determine the range of 
temperatures this test was suitable for as well as the amount of water drops 
required to induce a thermal shock.  
Test 1 used the square samples manufactured alongside the samples used for 
the other tests methods. This test was used to determine the effect of different 
amounts of water on the sample. Each drop of water is introduced to the surface 
of the sample by a dropper, with each drop measuring 0.6 ml measured by 
weight. 
Test 2 moved to a disc shape sample made from a 1 mm thin, plate of alumina 
with a 1µm surface finish used on the faces of the disc. Each disc was 25 mm in 
diameter and cut using a diamond core drill. Test 2 looked at how the sample 
Water droplet 
Dropper 
Heating plate 
Sample 
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were effected being shocked from different temperatures. This test used a single 
drop of water on the basis of the results from Test 1. 
For this test, a water-quench test was used alongside the water-drop test to 
compare the two tests methods side by side. The results for this are shown 
alongside those for the water-drop test. 
Test 3 used larger discs at 37 mm in diameter using a larger core drill and also 
increased to 2 mm thick to keep them in line with the discs being prepared by 
Morgan Advanced Ceramics for the next stage of testing. This test was used to 
determine the final parameters for the final testing of the project. Only 4 
temperatures were used for this test due to the information taken from Test 2. 
Test 4 was used as a way to determine the optimal surface finish for the tests. It 
used the same discs as test 3 at 300℃ and compared the performance of the 4 
different surface roughness finishes as a result of the thermal shock tests. 
Test 5 used a small number of silicon carbide samples in an attempt to verify how 
suitable the test would be for other ceramic materials known to have a higher 
thermal shock resistance. This test used the same parameters as the tests for 
the alumina samples except that the samples were 35 mm in diameter due to the 
manufacturing process used. 
Test 6 was an adapted test method for the silicon carbide materials with changes 
made due to the results from the previous test 5.  
Each test is described with reasoning for decision made in the 3.4 Results and 
Discussion which deals with the results from all the preliminary testing. 
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3.3.11. Water-Drop Results 
Test 1: Testing different amounts of water drops 
The amount of water used, for this test, ranged from a single drop to 1 ml of water. 
As would be expected, when more water was used on the surface more damage 
was seen, with some samples failing just because of the thermal stresses present 
in the material. 1 ml was enough to make a sample fail completely. Figure 3.8 
shows a sample of alumina that has been shocked with sufficient water to make 
the sample fail completely. 
 
Figure 3. 8: Complete failure of a ceramic tile under a water drop thermal shock test.  
Samples tested with this method often remained intact after the shock but cracks 
were present. Dye penetrant was used to emphasise the cracks allowing them to 
be counted easily. 
This test showed that at as low as 1 drop of water, damage could be observed in 
the material. A single drop of water proved enough of a shock for the alumina test 
samples used in these preliminary tests. 
Test 2: Testing at a range of temperatures 
From the results of Test 1, Test 2 used a single drop of water to shock the surface 
of the samples. The discs, 1 mm thick and 25 mm in diameter and surface 
roughness of 1 µm, were divided into eight groups of five. The temperature used 
for each thermal shock test was changed for each group with a control that was 
not shocked and each subsequent test taking place in 50℃ intervals starting at 
150℃. 
 
66 
 
The graph, shown in Figure 3.9, shows the results for the preliminary water-drop 
test at various temperatures.  
 
Figure 3. 9: Residual strength of discs subjected to a thermal shock using the water-drop method. 
The graphs show the residual strength of the samples as a result of the maximum 
flexural stress for each disc. It shows a significant drop in the strength of the 
samples when the change in temperature was 250℃ or above showing the critical 
ΔT is somewhere between 200℃ and 250℃. This behaviour is expected from a 
ceramic material when undergoing thermal shock testing.  
Below the critical ΔT, there is no significant drop in residual strength caused by 
the thermal shock. This proved that the water-drop test was a suitable thermal 
shock test in this configuration. 
 
 
 
 
 
0
50
100
150
200
250
300
350
400
450
0 50 100 150 200 250 300 350 400 450 500
R
e
si
d
u
al
 S
tr
e
n
gt
h
/ 
N
/m
m
2
Temperature/℃
67 
 
Figure 3.10 shows the results from the water-quench test. 
 
Figure 3. 10: Residual strength of discs subjected to a thermal shock using the water-quench 
method. 
The water-quench test in this test is used to compare against the water-drop test 
and assess its suitability. This test showed that whilst both tests showed the 
critical ΔT was located between 200℃ and 250℃, the water-drop test was the 
more consistent of the two methods because of the spread of residual strength 
values for each temperature group. The water-quench test showed that the 
groups above the critical ΔT were less consistent compared to those at the same 
temperature for the water-drop test. 
 
 
 
 
 
 
0
50
100
150
200
250
300
350
400
450
0 50 100 150 200 250 300 350 400 450 500
R
e
si
d
u
al
 S
tr
e
n
gt
h
 N
/m
m
2
Temperature/℃
68 
 
Figure 3.11 shows the two sets of results compared against each other. As each 
test used the same temperature levels, it is possible to show how each test 
comparatively performed from this graph. 
 
Figure 3. 11: Results of the water-drop test compared to the water quench test. 
The graph shows that the water-drop test results, gave more consistent residual 
strength results when the shocked samples were mechanically tested. The 
results for both tests before the critical temperature are similar but the spread of 
results for the water-quench test after the TC is much greater than the water-drop 
tests. 
From this test it was decided to proceed with the water-drop test as the primary 
thermal shock test for the project as this test showed that the results for the water-
drop test are more consistent. This test also showed that the maximum drop in 
strength happens between 200 and 250℃, and it was therefore decided that 
300℃ would be sufficient as the maximum temperature differential for the alumina 
materials. This meant fewer samples were needed beyond this point of testing. 
Reasons for why the water-quench test showed to be less consistent than the 
water-drop test include, the inability to control how a disc falls into the water bath 
meaning that discs entering the water at different orientations will be cooled at 
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different rates. A disc that hits the water surface face-on, will cool the entire 
surface evenly whilst a disc that falls in edge on, will cool one edge of the disc 
before the other. Having one face of the disc cooled evenly would mean the 
stresses formed in the material would be distributed evenly across it. It is, 
however, almost impossible to control a falling disc such that the orientation is 
consistent every test. 
The water-drop test shows that having a concentrated area of cooling with a 
controlled amount of water, is more consistent at producing repeatable results 
and produces the same trend expected for ceramics under thermal shock. 
Test 3: Changing the disc thickness 
Figure 3.12 shows the results from Test 3 that used samples that were 2 mm 
thick as opposed to 1mm thick from the previous test. This change was made as 
it became known that samples for future tests would be manufactured with a 
thickness of 2 mm and it was necessary for the tests to be as equal as possible 
across all materials. This change increased the consistency of the cutting of the 
discs from the cored material. 
 
 
Figure 3. 12: Water-drop test results for the 2 mm thick samples. 
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The amount of water was increased for this method, to account for the sizeable 
increase in thickness, from 1 drop to 1 ml. This meant that the amount of water 
would be more consistent for each test as it could be administered from a 
measuring pipette. 
With the increased thickness of the samples, the initial strength of the control 
group increased from roughly 375 N/mm2 for Test 2 to an average of 570 N/mm2 
for Test 3.  
The increase in water meant that the sample were being sufficiently cooled from 
the initial temperature to induce damage without the samples completely failing 
before being mechanically tested. 
The larger samples meant that the discs were more easily handled with tongs to 
allow them to be removed from the heating plate immediately after the water had 
been applied to the surface. 
This test was deemed a success due to the consistency of the residual strength 
after the critical temperature was observed. The grouping of the 250℃ and the 
300℃ samples shows that the test is still as consistent as it was with a single 
drop and thinner sample size. 
Test 4: Determining the optimum surface roughness 
As described in 3.2.1, the effect of surface roughness was determined in terms 
of thermal shock performance. By changing the diamond grit size during the 
polishing stage of preparation 
Using the water-drop test, 5 groups of 5 samples were tested at 300℃. Each 
group was polished to a different level of surface roughness which was dictated 
by the diamond grit size used in the sample preparation stage. Figure 3.13 shows 
the results taken using different surface finishes. 
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Figure 3. 13: Result of changing the surface roughness of the material by changing the diamond 
grit size during polishing. 
The temperature was kept consistent during this test to ensure the only parameter 
that was changed from each group was the surface finish. 
The two highest values for surface roughness, 75 µm and 40 µm, proved to be 
the least consistent of all the tests. The three lowest values showed that from 
roughly 15 µm and lower, there is very little difference in the thermal shock 
performance of the ceramic. This means that all future samples were surface 
grinded to 15 µm using a double sided lapping machine to ensure the faces of 
the disc were parallel. 
The advantage of a rougher surface finish is that less time was needed to prepare 
each disc which. Due to the large number of samples needed for this testing, it 
was necessary to save as much time as possible during the sample manufacture 
without compromising the design of the tests. 
Test 5: Testing silicon carbide 
For this test, it was expected that the silicon carbide and the composite materials 
would behave in a similar fashion as the alumina used in the previous preliminary 
tests. To ensure that the methodology was suitable for other materials, that same 
test procedure was implemented on samples of a generic silicon carbide. 
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For this test, only 10 discs were available to test the effectiveness of the current 
test method. As before, a single drop of water was dropped on the sample when 
it reached a stable temperature. 
Figure 3.14 shows the results from this test. 
 
Figure 3. 14: Biaxial Flexure results for the initial silicon carbide test 
The graph shows that the samples have not shown as high a drop in strength as 
expected. The control group had an average value of 748 N/mm2 whilst the 
average for the 300℃ group was 654 N/mm2, however the range of the control 
group was from 701 N/mm2 to 805 N/mm2 whilst the shocked group ranged from 
566 N/mm2 to 773 N/mm2. The conclusion that was taken from this test was that 
the level of the thermal shock was not great enough and that an adjustment was 
needed to shock the sample sufficiently.  
With the samples of the thermally shocked group ranging from above the average 
of the control group to only slightly lower than the lowest control strength, it was 
decided that either a change to the amount of water used for the test or an 
increase in the temperature would be required. 
For Test 6, it was decided that, using the remainder of the silicon carbide discs 
available for the preliminary testing, the temperature would be increased for the 
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silicon carbide and any future materials that derive their composition from silicon 
carbide as well as the amount of water changing from 1 ml to 3 mls. 
Test 6: Adapting for higher thermal shock resistance. 
Test 5 showed the silicon carbide and, by extension, the composite ceramics 
have a higher thermal shock resistance. Therefore, it was decided to test the 
another set of silicon carbide samples at the 350℃ with more water to shock the 
sample. To start with, 3 ml was chosen to see what affect it would have on the 
residual strength. Figure 3.15 shows the results from Test 6 compared to control 
group and the shocked samples from Test 5. 
 
Figure 3. 15: Results from Test 5 compared alongside Test 6. 
As both tests used the same sample size, it was only necessary to test 5 more 
samples for Test 6 and they could be directly compared to the result of Test 5. 
Test 6 showed that the increase in temperature and the increase in water would 
be enough to display a significant thermal shock for this material and others like 
it. 
The strength of the Test 6 samples was reduced by over half just like the alumina 
samples used in the previous tests. Based on this, it was decided that the testing 
would need to be separated depending on which material was being used. The 
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alumina materials, of which two had been obtained for testing, would be shocked 
from 150℃ to 300℃ at 50℃ intervals using 1 ml of water, whilst the silicon carbide 
– boron carbide composites would be tested from 150℃ to 350℃ using 3 ml of 
water. 
3.3.12. Water-Quench and Water-Drop Conclusions 
The two water based quench tests were the simplest of the testing methods 
undertaken during preliminary testing. They both showed consistent results with 
results from each showing the predicted thermal shock behaviour. 
From the side by side comparison of the two tests, it was shown that the water-
drop test was the slightly more consistent and repeatable of the two tests due to 
the predictability of the water hitting the surface of the ceramic compared to the 
irregularity of the sample falling into water as in the water-quench. It was for this 
reason that the water-drop test was taken forward for the main testing procedure 
as well as the fact that it was a unique test procedure invented during the 
preliminary testing phase. 
The water-drop test, being a totally new and untested method, showed a great 
deal of adaptability as it can be altered when changing the material tested. Each 
test can be altered depending on the sample size, material tested and 
temperature range investigated to allow for different materials to be effectively 
compared. 
3.4. Observations from Preliminary Testing 
3.4.1. Preparation of Samples 
In the process of the preliminary investigations, some observations on the form 
of the samples were made.  
The square samples, that were used in the earliest stages, had drawbacks 
because of the stress concentrations that form at corners. Square samples were 
replaced with discs to eliminate these stress concentrations. The discs were 
either cored from a block of material or pressed to shape from powder. The 
advantage of the disc samples is that they can be easily manufactured to the 
same specifications each time meaning identical samples each time. 
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Disc samples also allowed for mechanical data in the form of biaxial flexure 
testing to be obtained after the thermal shock is induced. 
The samples for the main testing were polished on both sides using a double 
sided lapping machine. From preliminary test 4, it was determined that a surface 
finish of 15 µm was sufficient to obtain an optimum drop in strength from the 
thermal shock and that any further polishing was unnecessary. 
This will mean that the two faces of the sample will be parallel and have the same 
polishing finish. The edge of each sample will also be polished to remove any 
surface damage that may be present from the manufacture of the samples.  
With the finalised sample format, the tests used in the preliminary tests were 
finalised for use in the main testing of the project. 
3.4.2. Thermal Shock Tests 
The advantages and disadvantages of the thermal shock techniques in Table 2.3 
gave in initial idea of which tests would prove the most suitable for this project 
but the preliminary testing gave more information on each. 
The water-drop test was devised to be a simple and repeatable experiment that 
could provide consistent results at multiple temperatures. This meant it was more 
suitable than the other thermal shock tests investigated. 
Ultimately, the water-drop test proved to be the most suitable and therefore it 
became the main focus for the testing after the preliminary tests. This test would 
be coupled with various other tests to obtain as much information from each 
sample as possible.  
3.4.3. Analysing Thermal Shock Performance 
Measuring the thermal shock performance of these ceramics is not as simple as 
measuring the residual strength after a thermal shock. In order to correctly rank 
the materials in terms of thermal shock resistance, multiple tests were devised to 
help identify the ranking of the ceramics tested. 
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The first technique investigated to obtain more information from each sample is 
the use of ultrasonic measuring before and after the thermal shock. 
From the preliminary tests, it was decided to use samples as a way of identifying 
more information. Figure 3.16 shows one of the discs used in a preliminary water-
drop test. This sample has had dye penetrant applied to the surface to highlight 
the cracking. This can be used to measure the length of the cracking or to just 
compare the physical appearance of the cracks against other materials. 
 
Figure 3. 16: The water-drop test isolated the damage induced to the centre of the disc allowing 
cracks to spread to the outer edge. 
Tests link this allow for more information to be gained from each sample through 
non-destructive methods without requiring expensive machinery like those used 
for microscopy. 
Expanding the amount of information obtained from each sample allowed for 
more conclusions to be taken from the testing and the materials to be ranked to 
predict the ballistic performance of the ceramics if thermal shock resistance is 
linked to ballistic performance. 
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4. Experimental Procedure 
4.1. Introduction 
This chapter details the experimental procedure to which each material was 
subjected to throughout the testing period. It first discusses the materials used 
for the testing with a description of the properties of each as well as the sample 
preparation of each material. Following this, the tests undertaken before the 
thermal shock are described. Next the process for the thermal shock is detailed, 
with the differences to procedures made depending on which the material was 
being tested explained. The post-shock testing describes the tests that were 
administered on the samples after the thermal shock was undertaken. Finally, a 
summary of the entire testing procedure is given showing which tests gave results 
for the individual materials. 
4.2. Materials 
4.2.1. Alumina 
From the preliminary tests, alumina materials remained a key focus of the project. 
The material, provided by DSTL, came in two forms. The first was the same 
AD995 material used for the preliminary testing and the second was a Sintox FA 
given in the same form as the AD995 i.e. blocks measuring 200 x 200 x 50 mm.  
Sintox FA, Figure 4.1, is pink in colour, has a composition of 95% wt alumina and 
5% wt of a secondary ‘glassy’ phase and is commonly implemented for ceramic 
armour as well as high temperature applications such as furnaces. It is developed 
by Morgan Advanced Ceramics for a range of applications. AD995 is white in 
colour with a composition 99.5% alumina and is also widely used for armour 
ceramic applications.  
These two alumina ceramics were chosen due to their common use in armour 
systems and ready availability. They are relatively simple to machine which 
allows large numbers of discs to be made from a larger piece of material.  
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Figure 4. 1: Sintox FA, left, shown as an armour plate (http://www.haldenwanger.com/). Coorstek 
Alumina AD995 (99.5%) armour plating. 
Table 4.1 gives manufacturers data for the two alumina materials used during the 
testing procedure. 
Table 4.1: Properties of Sintox FA and AD995, (from Morgan Advanced 
Materials) 
Property Sintox FA AD995 
Density (mg/m3) 3.68 – 3.70 3.90 
Grain Size (µm) 2.8 – 6.0 6.0 
Porosity (%) 0 0 
Rockwell Hardness (45N) 78 - 84 83 
Knoop Hardness (GPa 1000 gm)  14.1 
Modulus of Elasticity (GPa) 325 - 336 370 
Flexural Strength (MPa) 288 - 376 379 
Compressive Strength (MPa) 2000 - 2500 2600 
Fracture Toughness (MPa-m1/2) 4.50 – 5.90 4.00 – 5.00 
Poisson’s Ratio  0.23 0.23 
Coefficient of Thermal Expansion 
(µm/m.℃) 20℃ 
6.30 – 8.20 8.20 
Coefficient of Thermal Expansion 
(µm/m.℃) 800℃ 
7.50 – 8.70 8.20 
Thermal Conductivity (W/m.K) 20.0 – 25.6 30.0 
Specific Heat Capacity (J/g.℃) 0.880 0.880 
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Figure 4.2 shows the microstructure of AD995. This sample was polished to 1 µm 
with a single sided lapping method. 
 
Figure 4. 2: Microstructure of AD995. 
The grains are all roughly 6 µm as per the manufacturers measurements as well 
as all being roughly the same shape. There is very little sign of porosity other than 
some possible grain pull out as a result of the polishing process. 
Figure 4.3 shows the comparative microstructure of the Sintox FA after it has 
been thermally etched at 1400℃ for 20 minutes, (Healey, 2016). 
 
Figure 4. 3: Micrograph of the microstructure of Sintox FA after being thermally etched. 
10 
10 µm 
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The visible difference between the two is due to the thermally etched Sintox FA 
having had the secondary ‘glassy’ phase removed during the thermal etching 
process. This allows the grains to be more easily identified. What is clear from 
this micrograph is that the grain sizes are very variable with some very large 
grains surrounded by much smaller ones as well. 
4.2.2. SiC-B4C Composites 
As this project was part of a wider project group, it was possible to use a material 
made by another member of the group for the thermal shock testing. This meant 
it could be tested with the thermal shock test whilst ballistic trials were undertaken 
at the same time.  
The composite materials were provided by Tom Williams whose project 
“Development of pressureless sintered silicon carbide-boron carbide composites 
for armour applications” had the capacity to manufacture discs from the same 
material that would be used in the ballistic trials that could be thermally shocked 
using the same testing method as the alumina materials. 
The three materials given are variations of SiC-B4C composites with 10% B4C. 
Each material, used as a part of the ballistic trials, was given a numerical 
reference which were again used as reference for the materials in this project. 
The three materials are known as A, B and C and are described in Table 4.2.  
Table 4.2: Properties of the SiC-B4C composites, (after Williams 2016). 
Property A B C 
B4C % wt 10 10 10 
B4C size 1 µm (fine) 1 µm (fine) 70 µm  
B4C distribution 100 µm 
agglomerates  
Homogenous Homogenous 
Modulus (GPa) 420 482 369 
Theoretical Density (%) 96 96 96 
Density (mg/m3) 3.09 3.04 3.00 
Grain Length (µm) 2.0 2.5 7.5 
Knoop Hardness (GPa 1000gm) 20.5 19.3 18.7 
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The main differences between the three composites are in the microstructure of 
each. The differences for each are changes in the size and distribution of the B4C 
within the SiC phase. All three materials have the same percentage by weight of 
B4C but each have differences that change the properties of each. 
The differences in the microstructure can be described in terms of the differences 
in grain size, and phase distribution. Composite A has a microstructure where the 
1 µm grains are grouped in agglomerates approximately 100 µm in size.  
Composite B differs in terms of the distribution of the B4C as the 1 µm grains have 
a homogenous distribution. Composite C has 70 µm sized grains of B4C which 
are evenly distributed throughout the material. Figure 4.4 shows micrographs of 
each material to show the differences. 
 
 
Figure 4. 4: Micrographs of the differing micro-structure of each of the three composite 
ceramics. A, top left, B, top right and C bottom. 
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Table 4.3: Comparison of the microstructure of the three SiC-B4C 
composites 
Composite Microstructure 
 
The microstructure of composite A shows 
the agglomerates of the B4C grains 
spread through the SiC. The 
agglomerates are irregular in shape and 
unevenly distributed throughout the 
material. 
 
Figure 4. 6: Microstructure of Composite B 
showing the 1 µm grains of B4C evenly 
distributed. 
Composite B has a microstructure where 
the 1 µm grains of B4C are evenly 
distributed. This micrograph shows how 
the grains are spread throughout the SiC 
phase. 
 
Figure 4. 7: Microstructure of Composite C 
showing the 70 µm grains of B4C distributed 
throughout the SiC. 
The coarse 70 µm grains of B4C are 
shown in this micrograph making it 
appear similar to that of composite B. The 
grains are smaller than the 100 µm 
agglomerates of composite B and appear 
more evenly distributed. 
The microstructure could give an indication of the reasons behind certain 
properties uncovered during the testing phase of this project. 
200 µm 
200 µm 
200 µm 
Figure 4. 5: Microstructure of Composite A 
showing the 100 µm agglomerates of the B4C 
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4.3. Sample Preparation 
The sample preparation thus far had been mostly trial and error to determine what 
worked best for the tests that were planned. After the preliminary testing was 
completed, a procedure for the preparation of the alumina samples and the 
composite samples was finalised and implemented for all samples made for the 
final testing. 
For the two types of alumina, each sample had to be made from a larger block of 
material. The first step involved coring a cylinder from the block using a 37 mm 
diameter diamond core drill. Using water as a lubricant to remove debris from the 
cutting surface and prevent the drill from overheating, each core is drilled with a 
drill press at low rpm. 
Once the cores were taken from the block, they were then sliced up into the discs 
with a thickness of 2.1-2.2 mm to allow excess material to be removed during the 
polishing process. When the discs were cut, each one was inspected to ensure it 
had not been damaged or cut to the wrong thickness and then, in groups of ten, 
discs were placed in a MTI UNIPOL 160D double sided lapping (DSL) machine. 
The DSL machine was able to grind and polish the sample on both faces at the 
same time using two contra-rotating plates embedded with diamond suspension. 
This process ensures that once the surfaces are flat, they are also parallel to 
each other. Parallel surfaces are key to using ultrasonic techniques as described 
later. As several samples were ground at the same time, it meant they were all 
made the same thickness which was essential for the ultrasonic testing procedure 
as described in 4.4.1. 
Figure 4.8 shows the DSL used to prepare the samples. The samples were 
placed on a metal plate on the top and sandwiched under another plate with 
weights on top to press down on the samples during the grinding process. 
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Figure 4. 8: Photograph of the MTI UNIPOL 160D double sided lapping machine which ensures a 
flat and parallel sample with uniform thickness across the sample group. 
The SiC-B4C composites started out as very simple discs, 35 mm in diameter and 
2.5 mm thick. The surfaces were very rough at this stage so each material passed 
through a surface grinder to bring the thickness down to 2.1-2.2 mm and smooth 
the surface to make the stage in the DSL faster and so that it uses less diamond 
suspension to grind the surface to the desired 15 µm finish.  
Once the surfaces of the composites had been ground down they were put 
through the same double-sided polishing process as the alumina samples. 
Each sample group was inspected by eye and using a microscope to ensure that 
the surface was flat and evenly polished. When they were all of the same surface 
finish, they were cleaned using alcohol to remove any residue from the polishing 
process as well as any other foreign object that could contaminate the surface 
and tamper with the thermal shock test later on. 
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4.4. Pre-Shock Tests 
4.4.1. Ultrasonic Testing 
As discussed in the preliminary testing section, it became necessary to find a way 
to characterise the samples using a non-destructive testing method. After 
analysing a few techniques, it was decided that the most suitable was to 
ultrasonically test the samples before and after the thermal shock in order to 
determine whether any change in the amplitude of the ultrasonic signal made by 
damage could be detected. Such a difference would indicate damage was 
present due to the loss of signal of the ultrasonic wave. 
For this testing, a delay line transducer connected to an oscilloscope was 
attached to one of the faces of the ceramic sample. For each test, the transducer 
was attached with a thixotropic gel to ensure the connection between the two 
surfaces was as complete as possible to allow the signal to pass from material to 
material with minimal loss.  
With the use of a delay line transducer, it is possible to see the decay of the signal 
within the material. The samples were all designed to be flat and parallel which 
allows an ultrasonic signal to reflect within the material and then be measured as 
it returns to the transducer. When the signal reaches a surface, part of the signal 
is reflected whilst some of it is transmitted through meaning the reflected signal 
loses energy. This can be measured using the oscilloscope to show the signal 
decay in a material as the signal reflects within the material. Figure 4.9 shows the 
set up used for the ultrasonic testing. 
 
Figure 4. 9: Schematic diagram of the ultrasonic set up. 
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A weight of 500 g was used to press the delay line transducer into the thixotropic 
gel on the surface of the sample. The time between the weight being applied to 
the surface and the readings being taken was kept at 5 mins for all samples. This 
is because the gel is time sensitive and allowing the same amount of time for the 
transducer to settle for each test gave more consistent readings. 
Each material had the amplitude of the signal measured at the first 8 reflections 
measuring the signal amplitude and the time between each reflection. The test 
measured 8 reflections as this was the number of signals peaks that could be 
measured before the next ultrasonic wave was produced by the signal generator. 
Figure 4.10 shows how the reflections come about within the material as the 
ultrasonic signal propagates within it.  
 
Figure 4. 10: Illustration of the propagation of ultrasonic waves in a solid using a delay line 
transducer 
The first signal, S1, is sent through the delay line transducer and then transmits 
through the interface between the two materials becoming T1. This signal is then 
reflected, R1, and travels back to the detector. When R1 passes through the 
interface, it is reflected again, IR1, and reflected again as R2 which travels back to 
the detector. Every time the signal passes through the interface, it is transmitted 
through but is also reflected back. This means the signal decays each time is 
reaches the interface meaning that each subsequent reflection from the back 
surface of the material lowers in amplitude when it gets back to the signal 
detector. 
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Figure 4.11 shows the signal as it is shown on the oscilloscope.  
 
Figure 4. 11: Oscilloscope trace of the measured ultrasonic signal 
Each sample was tested on side A, the side to be shocked with water, and side 
B, the side in contact with the heating plate. This is to see if a difference in 
amplitude could be distinguished between which faces of the sample allowing an 
idea of where the damage in the sample may be located. 
The orientation of the transducer was kept the same for each test in relation to 
the orientation of the disc as it may have an effect on the signal strength due to 
the grain structure of the material and possible anisotropic nature of the sample 
after the shock due to cracks being formed inside the bulk of the sample.  
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4.5. Thermal Shock Test 
The method for the thermal shock remained unchanged from the preliminary Test 
3 as the thickness of the materials remained the same and the range of 
temperatures was the same. This allowed the consistency of the test to be 
compared to the preliminary testing. 
4.5.1. Alumina 
The alumina materials, of which there were five sets of five samples, a control 
group, and four thermal shock temperatures at 150℃, 200℃, 250℃ and 300℃. 
Each sample was heated slowly from room temperature to its test temperature 
on a heating plate.  
1 ml of water was used to cool the centre of each disc using a glass pipette which 
gave a thin stream of water at a consistent rate and volume for each test. The 
samples were then removed quickly from the heated surface and allowed to cool. 
4.5.2. SiC-B4C composites 
The composite materials, 6 sets of 5 samples, were tested at a control, 150℃, 
200℃, 250℃, 300℃ and 350℃. The composites were tested using 3 ml of water 
for each sample as explained in Test 6. 
As more water was used for this testing compared with the preliminary testing, it 
was important to make sure that any other samples on the heating plate are not 
shocked by water overflowing from the sample being tested. A metal shield was 
used to separate the sample from any excess water during testing. 
4.6. Post Shock Testing 
4.6.1. Ultrasonic Testing 
As described previously, the ultrasonic tests were repeated after the thermal 
shock as soon as the sample had cooled to room temperature. The test method 
remained the same as before with the orientation of the transducer in relation to 
the disc orientation remaining the same in order to measure the same volume of 
material each time. One disc from each temperature group was used with 
measurements taken on both sides of the disc before and after the thermal shock. 
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4.6.2. Dye Penetrant 
In order to make cracks on the surface more visible for the purposes of crack 
analysis, a dye penetrant was added to highlight the cracks. A blue dye was 
added to each sample after the post-shock ultrasonic test and an image taken 
using a high resolution camera. As described in the results, the dye penetrant 
proved to only be successful for the alumina samples. Figure 4.12 shows an 
example of the visible dye penetrant after a sample has been thermally shocked. 
 
Figure 4. 12: Dye penetrant allows some cracks to become more visible on the surface of a 
ceramic. 
4.6.3. Crack Analysis 
Analysing the cracks, made more visible with the dye penetrant, allows 
information to be taken as a result of the thermal shock. For the alumina samples, 
the total crack length and radius of crack propagation was measured from the 
images taken of each sample.  
This allows the amount of physical damage induced in the sample to be quantified 
valued and then compared directly to the residual strength of the material 
measured in the biaxial test.  
Images of the fractured samples were obtained after the biaxial testing to analyse 
the fracture pattern of each sample. This would allow any changes in the pattern 
to be determined between materials and also between the different levels of 
thermal shock.  
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Figure 4.13 shows an example of the resulting fracture pattern obtained and how 
the sample differ whilst being from the same test group. 
 
Figure 4. 13: Example of the fracture pattern obtained from a composite shocked at 350℃ 
Using patterns like this can help to characterise differences between the different 
materials where other tests may show no difference at all. 
4.6.4. Biaxial Testing 
As with the other methods described in the preliminary testing, the biaxial test 
remained mostly unchanged. The rig was the same ball-on-ball test rig designed 
and made for the preliminary testing with the only change being the positioning 
of the 3 balls underneath the sample being a wider radius to allow for the larger 
sample radius. 
Each sample was then placed on a sheet to allow the fracture pattern to be 
compared between materials and levels of thermal shock. 
4.6.5. Confocal Microscopy 
The main change from the preliminary testing to the final test included the addition 
of the use a confocal microscope. A Zeiss LM 760 confocal microscope was used 
to measure the fracture surface of each sample in terms of surface roughness 
and surface waviness. Figure 4.14 shows the confocal microscope used to 
measure the surface roughness. 
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Figure 4. 14: The Zeiss LM 760 confocal microscope used to measure the surface roughness of the 
fracture surface of the ceramics. 
A confocal microscope uses a laser to image the surface of a material. Because 
the laser can be used to map a surface in 3D it can be used to measure how the 
surface change across an area. For this experiment, a small spot size of 50 µm2 
was imaged and the roughness and waviness measured along a line across that 
area. 
Each sample was tested twice, one test was taken in the centre where the thermal 
shock occurs at its highest and the other test on the fracture at the edge of the 
disc as shown in Figure 4.15. 
 
Figure 4. 15: Measurements for the confocal microscopy were taken on the fracture surface at the 
centre of the disc and at the edge. 
Centre 
Edge 
92 
 
At each test site, the roughness and the waviness were measured to see what 
differences they showed between samples. The difference between waviness 
and roughness is analogous to the hills covered in grass where the hills determine 
the waveform and the grass indicates the roughness of those hills. When 
measuring the waviness, a filter is applied to remove the roughness value and 
the opposite is done to measure the roughness.  
Figure 4.16 is an SEM image of a fracture surface showing the roughness of the 
fracture surface in comparison to the flat polished surface at the bottom of the 
image. 
 
Figure 4. 16: SEM micrograph of a fracture surface in comparison to the polished surface. 
This image shows how the small scale roughness differs to waviness 
Figure 4.17 shows an unpolished surface imaged to show how it differs from a 
polished surface. 
50 µm 
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Figure 4. 17: Micrograph of an unpolished surface as a comparison to a polished surface. 
From this image, the roughness of the surface can be identified as the change in 
the surface due to the grains of the ceramic. It is not possible to measure the 
roughness or the waviness from a two-dimensional (2D) image such as this and 
therefore a three-dimensional (3D) map of the surface is required. Figure 4.18 
shows a 3D map obtained from a confocal microscope. 
 
Figure 4. 18: Micrograph of a 3D map of a ceramic surface. 
The confocal microscope uses this 3D, obtained from scanning the surface with 
a laser to measure the change in height across the surface, to measure the 
roughness and waviness of the surface. 
The aim of using a confocal microscope is to add a technique that may add data 
that may not have been taken from thermal shock tests before. The fracture 
5 µm 
20 µm 
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surface can vary widely depending on whether cracks already exist in the material 
or if the material is fractured during the biaxial flexure tests. Different materials 
will display different surface roughness values for the fracture surface allowing 
any link between surface roughness and thermal shock resistance to be 
determined in this test. 
4.7. Summary of Experimental Programme 
Table 4.4 shows the overall programme for each material highlighting which tests 
provided results for each material. 
Table 4.4: Results obtained for each material. 
 Alumina Ceramics SiC-B4C Composites 
Procedure AD995 Sintox FA A B C 
Surface 
Finish 
15 µm 15 µm 15 µm 15 µm 15 µm 
Thickness 2 mm 2 mm 2 mm 2 mm 2 mm 
Diameter 37 mm 37 mm 35 mm 35 mm 35 mm 
Ultrasonic 
Pre-shock 
Y Y Y Y Y 
Thermal 
Shock 
150-300℃ 150- 300℃ 150-350℃ 150-350℃ 150-350℃ 
Ultrasonic 
Post-shock 
Y Y Y Y Y 
Dye Penetrant Y Y N N N 
Crack radius Y Y N N N 
Crack length Y Y N N N 
Confocal 
Microscopy 
Y Y Y Y Y 
Fracture 
Pattern 
Y Y Y Y Y 
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5. Results and Discussion 
5.1. Introduction 
This chapter presents the results from the individual components of the final 
testing procedure. It starts with the pre-shock tests followed by the thermal shock 
results and finishes with the post-shock testing. Relationships between the 
thermal shock data and ballistic performance are then explored. 
5.2. Ultrasonic Testing 
The first step in the procedure involved ultrasonically testing the samples and 
measuring the amplitude of the signal using an oscilloscope. To visualise the 
results graphs were produced, an example of one of these is shown in Figure 5.1.  
 
Figure 5. 1: Graph resulting from the measured amplitude of the ultrasonic waves travelling through 
in the ceramic sample showing the difference between the measurements before and after the 
thermal shock. 
All graphs showed the difference in the signal before and after the thermal shock 
for measurements taken on both surfaces of the sample, with side A indicating 
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the side on which the water-drop test was administered and side B being the 
opposite face of the sample in contact with the heating plate. 
For every sample tested, the graph obtained showed a decay in the amplitude for 
each subsequent measurement. This is caused by the ultrasonic wave losing 
energy as it reflects within the material as described in 4.4.1. 
As would be expected, side A and side B pre-test were very similar confirming 
the validity of the testing procedure i.e. the transducer was coupled correctly and 
giving a consistent signal. The graph shows a distinct change in the amplitude of 
the signal with the post-shock readings being much lower than the pre-shock test 
readings. This indicates that the sound waves were dissipating more energy as 
they travelled through the material after the shock, presumably as a result of 
damage having been induced. 
The graphs for each reading converge together as the time increases indicating 
that as the wave gets less energetic, as it reflects inside the material, the less it 
interacts with damage induced in the material.  
Given the consistency between the results, for each graph, the values for side A 
and B were averaged. In an attempt to quantify the extent of signal decay and 
hence damage for each test, the final measurements for each sample were made 
consistent and the area between the two decay signal was measured. As all the 
discs were the same thickness, the time over which the measurements were 
collected was consistent throughout. 
 
 
 
 
 
 
 
 
97 
 
Figure 5.2 shows the graph with the averaged measurements for side A and B 
and the equalised final measurement.  
 
Figure 5. 2: The values for sides A and B are averaged and the area between the graphs measured. 
Table 5.1 shows the results of measuring the area between the two sets of results 
for each material. The larger the value for the area, the greater the difference 
from before the thermal shock to after with regards to the ultrasonic signal.  
Table 5.1: Measured areas between the pre and post shock ultrasonic 
results. 
 Temperature AD995 Sintox FA A B C 
150℃ 29 41 11 13 15 
200℃ 32 62 12 14 30 
250℃ 39 78 15 29 36 
300℃ 53 102 19 44 47 
350℃   49 59 48 
All materials showed that with an increase in the temperature there is an increase 
in the damage induced in the material.  
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5.2.1. Alumina Ceramics 
Figure 5.3 shows the results obtained at 300℃ for both materials before and after 
the thermal shock test was administered. 
 
Figure 5. 3: Ultrasonic results for both AD995 and Sintox FA at 300℃ pre and post thermal shock. 
This graph shows how much more the signal decayed for Sintox FA in 
comparison to AD995. Both pre-shock results are fairly similar for each material 
with AD995 being slightly higher but the major difference is seen after the thermal 
shock with Sintox FA showing a much higher amount of damage induced during 
the thermal shock. Because the two materials start at roughly the same value, 
the only difference between the two post-shock is due to the amount of damage 
induced from the thermal shock. 
Figure 5.4 shows the difference between the pre and post-shock results for the 
two alumina materials. The predominant feature of the graph is that Sintox FA 
showed a much greater difference from the pre-shock to the post-shock test. The 
values for Sintox FA at the highest temperature, 300℃, are twice that for AD995.  
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Figure 5. 4: The area between the graphs measured from the difference in amplitude before and after 
the thermal shock. 
This graph shows that even though the area between the two graphs for AD995 
increases from 29 to 53, the damage compared to Sintox FA is much less. The 
value for Sintox FA from 150℃ to 350℃ increased from 41 to 102 indicating 
almost double the amount of damage induced in the material compared to 
AD995. The rate at which the damage increases in AD995 is less than that of 
Sintox FA. 
The speed of sound in a material is a function of the modulus meaning that the 
ultrasonic signal would be more effected by the same amount of damage in a 
stiffer material. Sintox FA shows a higher rate of increase in damage as the 
temperature increases. This shows that, because AD995 has a higher modulus 
than Sintox FA, that the amount of damage induced in Sintox FA is even greater 
than that of AD995. 
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5.2.2. SiC-B4C Composites 
As the results obtained for the three composite materials were broadly similar to 
that of the two alumina materials, the same process for analysing the results was 
used. The side A and side B measurements pre and post shock were averaged, 
the final measurements for each set of results made consistent and the area 
between the results measured. 
Figure 5.5 shows the amplitude differentials for each composite when thermally 
shocked from 350℃. 
 
Figure 5. 5: The amplitude measurements for each composite with the thermal shock occurring at 
350℃. 
It shows that whilst the three composites started at roughly the same amplitude 
measurement, they each showed different levels of damage from the thermal 
shock. Composite B, which has the highest pre-shock results showed the most 
amount of damage at this temperature with the lowest amplitude results for the 
post-shock test. A and C are both shown to perform very similarly with a similar 
level of damage at this temperature. 
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Figure 5.6 shows the area between the results for the composites mapped 
against each other.  
 
Figure 5. 6: The area between the results measured from the values of the ultrasonic amplitude for 
the composite materials. 
Composite A shows very little difference in the signal amplitudes pre and post 
thermal shock, until the final temperature of 350℃. In contrast, composite C would 
appear to accumulate damage at all temperature differentials, but at a decreasing 
rate, such that at the highest temperature it reached the same level as composite 
A. 
For composite B there was a steady increase in the amount of damage induced 
as the thermal shock increased from 200℃. 
As the ultrasonic test is dependent on the modulus of the material, the difference 
in microstructure of each is unlikely to change the ultrasonic amplitude measured. 
This explains why the starting measurements for the pre-shock test is very similar 
between the three composites as well as the alumina materials as each material 
group have similar elastic modulus within the group. 
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5.2.3. Predictions 
It is reasonable to assume that the changes in the wave amplitudes relate to 
changes within the materials, most likely due to damage, in the form of (micro-) 
cracks induced by the thermal shock tests. Further, it is likely that this damage 
will then lead to a loss of strength, although caution is advisable since most 
strength tests result in failure from the propagation of a critical flaw. Hence if the 
number of cracks is increasing (resulting in loss of energy of the sound wave) but 
the maximum crack length unaltered, the strength would not change.  
If it is assumed that both the number and length of the cracks are increasing, then 
on the basis of these tests, it would be that the materials that have a lower change 
in ultrasonic loss between before and after the thermal shock would have the 
lower drop in residual strength in the biaxial flexure test. 
If the ultrasonic performance is proportional to thermal shock performance, it 
would be predicted that Sintox FA would have a higher amount of damage 
induced in the material and therefore the higher drop in residual strength. Also, 
as the ultrasonic data is an indication of the total amount of damage induced it 
can be used as a comparison to the visible damage during the crack analysis and 
therefore it is predicted that Sintox FA will show the greater crack length and 
crack radius.  
Therefore, it could be predicted that between 150-300℃, C would have the 
greatest drop in strength followed by B and A. However, at the highest thermal 
shock temperature, 350℃, it would be predicted the B will have the highest drop 
in strength and A will reduce in strength the most. 
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5.3. Crack analysis 
The damaged samples were characterised in terms of how much damage can be 
visually seen on the surface. As there is no standard for characterising this type 
of damage it was decided to measure two parameters, namely the total crack 
length and crack radius of the damaged area. 
To do this dye penetrant was introduced to the surface of the samples and each 
one was inspected to ascertain whether cracks could be seen visually.  
Figure 5.7 shows the two sides of an alumina sample (AD995) after dye penetrant 
had been applied to highlight the cracks in the material.  
 
Figure 5. 7: Dye Penetrant reveals the cracks in an AD995 sample after thermal shock. 
Both alumina samples had clearly visible cracks on the surface after the dye 
penetrant was applied, which allowed the cracks to be measured for both 
materials.  
When the dye was applied to the three composites samples, there was no 
immediate indication of cracks being present. On further inspection, the dye 
penetrant was not being absorbed into the surface. This could have been 
because there were no cracks and therefore nothing to see or that the cracks 
were too tightly closed to allow dye penetrant to be absorbed. 
When inspected under a light microscope, the surface appeared to be 
undamaged but this could have been because of a lack of contrast between the 
cracks and the surface or that the cracking was sub-surface and therefore not 
visible. 
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Figure 5.8 shows a typical composite sample photographed to try to identify any 
cracking on the surface of the material. 
 
Figure 5. 8: Composite A shown post-shock with no visible cracking after the application of dye 
penetrant. 
As the composites proved to show no signs of cracking visibly, it was not possible 
to include them in the crack analysis. 
For the alumina materials that could be characterised by the cracks visible on the 
surface, Table 5.2 shows average crack radius and crack length for each sample 
at each shock temperature. 
Table 5.2: Crack length and crack radius measurements for AD995 and 
Sintox FA. 
Temperature AD995 Total Crack 
Length/mm 
Sintox FA Total 
Crack Length/mm 
AD995 Crack 
Radius/mm 
Sintox FA Crack 
Radius/mm 
150℃ 0 0 0 0 
200℃ 0 0 0 0 
250℃ 30 59 7 13 
300℃ 47 87 9 15 
 
No damage was visible at 150℃ and 200℃ even though the ultrasonic test 
showed a change in signal at each of these temperatures for both materials. This 
could indicate that cracks were too small to be visible and/or sub-surface.  
The results show that the amount of damage measured for the Sintox FA is 
almost double that of AD995. This broadly correlates with ultrasonic results as 
the results obtained in that test indicated that amount of damage measured 
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ultrasonically would be almost twice as much for the Sintox FA than for the 
AD995. At 250℃, AD995 had 51% of the amount of total crack length than Sintox 
FA and at 300℃ it was 54%. In terms of crack radius, AD995 showed to have a 
maximum crack radius 54% and 60% of that of Sintox FA.  
The total crack length at the two temperatures that showed cracking was roughly 
twice as much for Sintox FA than for AD995. Using these data, the prediction for 
the alumina materials for the biaxial flexure test remained the same as before, 
with the Sintox FA being outperformed by the AD995. It is difficult to predict how 
much better it should perform however, as the size of the largest flaw is unknown.  
Figure 5.9 shows the crack length and crack radius measurements compared 
with the ultrasonic damage measurements. 
 
Figure 5. 9: Ultrasonic loss compared to the measured crack length for the two alumina materials. 
The increase in crack length is similar to that of the increase in the damage 
measured in the ultrasonic test. 
On the basis of the crack length, the critical ΔT is predicted to be between 200-
250℃. As Sintox FA showed the larger crack length and radius, it is predicted 
that a similar result will be displayed for the biaxial flexure strength test. 
0
20
40
60
80
100
120
0
10
20
30
40
50
60
70
80
90
100
100 150 200 250 300 350
C
ra
ck
 L
e
n
gt
h
/m
m
Temperature/℃
AD995 Crack Length Sintox FA Crack Length
AD995 Ultrasonic Loss Sintox FA Ultrasonic Loss
U
lt
ra
so
n
ic
 L
o
ss
106 
 
5.4. Biaxial Flexure Strength 
5.4.1. Alumina Residual Strength Test 
From the biaxial flexure test, the residual strengths were obtained, as shown in 
Figure 5.10 for alumina. 
Each graph shows the residual strength calculated from the load applied, 
measured with a 5kN load cell, using equation 3.1. 
 
Figure 5. 10: Residual strength for AD995 and Sintox FA. 
As would be expected, there is a spread in the strength at each temperature. 
However, the increase in spread with increasing temperature is not expected as 
the preliminary testing did not indicate this behaviour. 
It is clear here that Sintox FA has a greater drop in strength than the AD995. 
In order to give an idea of how much the performance differed between the two 
materials, the values for each test temperature were averaged as there were 
insufficient samples to carry out a full Weibull analysis.  
0
100
200
300
400
500
600
0 50 100 150 200 250 300
R
e
si
d
u
al
 S
tr
e
n
gt
h
/ 
N
/m
m
2
Temperature/℃
AD995 Sintox FA
107 
 
Figure 5.11 shows the alumina results for the residual strength test averaged with 
regards to the temperature at which tested. Error bars have not been included for 
clarity. 
 
Figure 5. 11: Average residual strength for the two alumina materials. 
Sintox FA proved to have the greatest drop in strength of the two materials both 
having started at approximately 465-480 N/mm2. Both materials show a critical 
ΔT approximately between 200℃ and 250℃ which is commonly reported for this 
family of materials e.g. Auerkari, 1996. 
AD995 dropped to 326 N/mm2 at 250℃ whilst Sintox FA dropped to 190 N/mm2. 
At the highest temperature shock, 300℃, AD995 had an average of 304 N/mm2 
whilst Sintox FA had an average value of 173 N/mm2.  
From the control to 300℃ Sintox FA had a drop in residual strength of 64% whilst 
AD995 only 34%. The residual strength of Sintox FA at 250℃ was 58% than that 
of AD995 and at 300℃ it was 56%. 
This correlates with the crack length data from the crack analysis testing where 
Sintox FA showed roughly twice the total crack length. As residual strength is 
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dependent on the largest crack or flaw of the ceramic, this lower residual strength 
of Sintox FA is to be expected for the measured crack length and radius. 
The two materials have similar initial strengths. Both show a drop between 200 
and 250℃ which is typical for alumina, after Auerkari, 1996. 
AD995 seems to be less damaged than Sintox FA which is consistent with 
observations of cracks. This means that, with regards to the ultrasonic testing, 
the ultrasonic method may be detecting early signs of damage before the critical 
ΔT. 
5.4.2. Composite Residual Strength Test 
Figure 5.12 shows the residual strength results for the three composites from the 
biaxial flexure test. 
 
Figure 5. 12: Residual strength for the composite ceramics. 
All three materials show some scatter for a specific temperature as would be 
expected. Each material shows a typical thermal shock behaviour with strength 
being retained until a critical ΔT.  
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Figure 5.13 shows the values for each temperature averaged to more clearly 
show the differences between the three materials. Error bars have not been 
included as to improve clarity. 
 
Figure 5. 13: Average residual strength of the three composite ceramics. 
For all materials, the critical ΔT is between 250℃ and 300℃. Material A and C 
have comparatively similar initial strength averages of 413 N/mm2 and 467 
N/mm2 compared with the much stronger composite B which has an average 
control value of 717 N/mm2. The initial strength of the control group for composite 
B is 68.7% more than that of the A and 53.8% of C. 
The ultrasonic results predicted a slightly greater drop for composite A from 300℃ 
to 350℃. C was more gradual, but given A and C had similar initial strengths it is 
not unreasonable that they have a similar residual strength at 350℃ given the 
ultrasonic data.  
The ultrasonic test is linked to the elastic modulus of the material so it is not 
unreasonable that they perform similarly for the ultrasonic testing but not when 
mechanically tested as the strength is dependent on the defect size. 
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The behaviour of composite B was not predicted by the ultrasonic data as it does 
not show the gradual increase in damage displayed by the previous test. The 
much higher initial strength compared to the other two composite is another factor 
that was not predicted by the ultrasonic results. At the highest temperature shock, 
it showed the greatest reduction in strength of the three composites indicating a 
slightly lower thermal shock resistance than the other two. 
The homogenous fine distribution of composite B could explain the much higher 
strength of the material. Compared to B, A and C have large (pseudo) particles 
of B4C. Where A has large 100 µm agglomerates of 1 µm, C has large 70 µm 
coarse grains of B4C. These two structures are likely to have large critical flaws 
reducing the strength of the materials.  
The microstructure of composite B means that the largest flaw size is likely to be 
much less than that of the other two materials. This could explain why its strength 
is much stronger than the other two composites. 
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5.5. Flexure fracture pattern 
To obtain more data from each material, the samples were grouped as per their 
thermal shock temperature and imaged alongside the other groups. This allowed 
any patterns to be observed that may be present as a result of the biaxial fracture 
testing. 
Figure 5.14 shows the alumina samples grouped into their relevant temperature 
groups. 
 
Figure 5. 14: The fracture patterns for biaxially tested sample of AD995. 
From this it can be seen that the control group fractured in a typical fracture 
pattern for a biaxial test for a brittle material with each sample fracturing into three 
Control 
150℃ 
200℃ 
250℃ 
300℃ 
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pieces of similar size. Samples from the 150℃ and 200℃ tests are slightly 
different with the discs fracturing into two halves in most cases but not showing 
any signs of damage at the centre of the disc. The 250℃ and 300℃ samples 
show evidence of the samples breaking along the cracks caused by the thermal 
shock in the central region. These cracks in most cases are quite straight and 
cause the disc to fail into two roughly similar sized pieces. Figure 5.15 shows the 
fracture pattern for Sintox FA. 
 
Figure 5. 15: The fracture patterns for biaxially tested sample of Sintox FA. 
Sintox FA shows very similar behaviour to the AD995 samples for the samples 
from the control group, 150℃ and 200℃ groups. However, at 250℃ and 300℃ 
more irregular fracture patterns are observed. 
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Fig 5.16, 5.17 and 5.18 show the pattern for the composite materials A, B and C 
respectively. 
 
Figure 5. 16: The fracture patterns for biaxially tested sample of composite A. 
Composite A shows a pattern of fracturing into 3 pieces at low temperatures, then 
into 2 pieces at a medium temperature followed by 3 or 4 very irregular pieces at 
the highest temperature. The lower temperature pieces are roughly the same 
shape and size with an angle approximately 120° indicating that when the 
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200℃ 
250℃ 
300℃ 
350℃ 
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fractured, the load is evenly distributed across the surface confirming the lack of 
damage in the material.  
The samples from the 200-300℃ range seemed to fracture into two pieces with 
the pieces from the highest range showing a little more irregularity in the edge of 
the fracture surface. It could be suggested that at this temperature, cracks are 
starting to be induced in the material with the resulting largest crack propagating 
along to the edge of the disc when the flexure test is undertaken. 
At 350℃, the thermal shock is great enough to drastically change the way the 
material behaves. The samples break into to roughly similar sized pieces with 
smooth edges and curves to each piece. 
This imagery indicates that as the temperature increases, the amount of damage 
induced in the material increases gradually until the highest temperature which 
appears to be the one at which the critical temperature was reached. 
This is in contrast to the biaxial residual strength data which suggests a significant 
change at 300℃ not 350℃. 
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Figure 5. 17: The fracture patterns for biaxially tested sample of B. 
Composite B shows a consistent pattern at all temperatures up to 300℃. Each 
set of samples has between 2 and 6 remaining pieces and each piece has sharp 
straight lines showing a consistent behaviour at all temperatures. 
The highest temperature, 350℃ shows a very irregular pattern with many 
irregularly shaped pieces indicating a high amount of damage. This is, again, in 
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150℃ 
200℃ 
250℃ 
300℃ 
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contrast to the ultrasonic data that predicted a gradual increase in damage for 
this composite as the temperature of the thermal shock increased. 
 
Figure 5. 18: The fracture patterns for biaxially tested sample of composite C. 
Composite C has a similar pattern to that of composite A as might have been 
expected from both the ultrasonic data and the biaxial data. The samples break 
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in a typical ceramic biaxial fracture at low temperatures indicating little to no 
damage in the material. 
The highest temperature sample set showed multiple fractures indicating a high 
quantity of cracking in the material. The shape of these pieces is less random 
than the other two materials. 
Table 5.3 summarises the number of pieces each disc fragmented into at each 
temperature as well as the spread of how many pieces were counted across the 
temperature range for that material. 
Table 5.3: Summary of the spread of number of fracture pieces and average 
pieces of samples after fracture.  
Temperature AD995 Sintox FA A B C 
 Spread Av Spread Av Spread Av Spread Av Spread Av 
Control 3 3 3 3 3 3 3-6 4.6 3 3 
150℃ 2-3 2.2 2-3 2.4 3 3 4-6 4.8 3 3 
200℃ 2 2 2 2 2-3 2.2 2-5 3.8 3 3 
250℃ 2 2 2-3 2.2 2 2 2-6 4.8 2 2 
300℃ 2-3 2.4 2-3 2.4 2 2 2-6 4.4 2 2 
350℃     3-4 3.4 3-8 4.8 2-4 3 
 
The table shows that the alumina materials are very similar in the way they 
behave with regards to the fracture pattern with only two differences over the 
entire range. Even though the two materials showed a difference when the 
fracture patterns are investigated visually, they are similar in the basic way they 
behave when fractured. 
Whilst the numbers obtained from the fracture patterns for the two alumina 
materials are very similar, the slightly more irregular shape of the Sintox FA 
pieces above the critical ΔT is indicative of the higher damage shown in the 
ultrasonic test, the biaxial fracture and the crack measurements for Sintox FA. 
The three composites showed that A and C behaved very similarly again from 
300℃ and lower but differed at the highest temperature. B showed significant 
differences throughout with the widest spread of number of fragment pieces at 
any temperature. 
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5.6. Confocal Microscopy 
Confocal Microscopy was used to measure the surface roughness and waviness 
of the fracture surface for each sample after it had been fractured in the biaxial 
flexure test. For each sample, the roughness and waviness were measured at 
both the centre and the edge of the disc. The samples from each temperature 
were averaged and plotted to show the change in roughness and waviness as 
the thermal shock increased. 
The roughness and waviness value were analysed separately for each individual 
material before the differences between the materials were compared directly.  
5.6.1. Alumina Ceramics 
Figure 5.19 shows an example of the graph obtained from measuring the 
roughness at the centre and at the edge of Sintox FA. 
 
Figure 5. 19: Roughness values taken for Sintox FA. 
The values at 150℃ and 200℃ show almost no difference in the roughness after 
the thermal shock. As with the biaxial testing the largest change in roughness 
occurs between the 200℃ and 250℃ temperatures which appears to indicate a 
similarity in the behaviour of roughness and the critical ΔT observed.  
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Figure 5.20 shows the values for the surface waviness of Sintox FA in the centre 
and at the edge at the different temperatures. 
 
Figure 5. 20: Waviness values measured at different thermal shock values for Sintox FA. 
Similar to the roughness, the alumina materials showed an increase in waviness 
after the critical ΔT. It was also shown here that the waviness increased from the 
control slightly for all temperatures. 
To compare the change in roughness and waviness of the two materials, the 
value taken for the thermally shocked samples was compared with regards to 
how much they changed compared to the control samples of each material which 
had sustained no thermal shock and therefore no change in roughness of 
waviness. 
Figure 5.21 shows the differences between the values of surface roughness 
between the two alumina materials obtained at the thermal shock temperatures. 
It also shows the values taken at the centre compared to those taken at the edge 
of the disc. 
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Figure 5. 21: Roughness values for alumina samples that underwent thermal shock compared to 
the control samples. 
The values for the measurements at the centre show a significant change 
compared to the control values whereas the edge measurements show almost 
no difference. Comparing AD995 to Sintox FA shows that as the thermal shock 
increased the two material performed very similarly with very little difference 
before the critical ΔT. AD995 shows a more gradual increase in roughness as the 
temperature of the shock increased whereas Sintox FA shows a greater increase 
when the critical ΔT has been reached.  
The roughness measurements show little to no difference from the control at 
temperatures below the critical ΔT. This means the damage is being detected 
after the critical damage has been induced in the samples. 
As the two alumina materials have similar microstructure, with AD995 showing a 
more consistent grain size, the similar change in roughness does not allow the 
two materials to be differentiated. 
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Figure 5.22 shows the comparison of the waviness for the two alumina materials 
as well as the difference between the centre and the edge of the shocked discs. 
 
Figure 5. 22: Waviness values for alumina samples that underwent thermal shock compared to the 
control samples. 
When the values for the increase in waviness are observed, it is clear that the 
Sintox FA has shown a greater increase at all thermal shock temperatures. This 
matches the data taken from the crack analysis which showed Sintox FA 
sustained greater damage from the thermal shock. Also shown here, the value 
taken at the edge of the disc showed a greater change compared to the control 
sample for the Sintox FA than the AD995. 
The waviness values showed an increase at almost all thermal shock 
temperatures except the lowest thermal shock for the AD995. This could be an 
indication that the test is able to detect the presence of micro-cracking before the 
critical ΔT has been reached.  
The prediction made from this experiment is that the greater the change in 
waviness, the higher the defect population and therefore the greater the change 
in waviness, the greater the amount of cracking as a result of the thermal shock. 
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5.6.2. SiC-B4C Composites 
The roughness behaviour of the composite material differs to that of the alumina 
materials when thermally shocked. Figure 5.23 and 5.24 show the change from 
the control sample measurements for the roughness and waviness respectively 
for the three composite materials. 
 
Figure 5. 23: Change in roughness from the control to the thermally shocked composite samples. 
When compared to the alumina materials, the important feature is of these results 
is that the composite materials decrease in roughness as the thermal shock 
decreases. This again shows that testing methods such as these are best suited 
for comparing material of similar composition and structure. 
The graph shows how the values at the centre differ from edge as they did with 
the alumina samples. However, with these results, the samples showed a slight 
decrease in roughness at the highest thermal shock temperature indicating the 
thermal shock damage was great enough to affect the fracture at the edge of the 
disc at that temperature change.  
Each material displayed an increase in the roughness at the 250℃ temperature 
change indicating that even though a drop in strength was not measured at this 
temperature change for any of the materials, there appeared to be a change in 
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the material when shocked from this temperature. With the critical ΔT shown to 
be between 300℃ and 350℃ from the biaxial flexure testing, any change in the 
roughness would not have been predicted at a lower temperature. 
This unpredicted change could have been because of damage induced in the 
material that is not great enough to be detected from a biaxial flexure test which 
only measures the largest flaw. This damage would have to be smaller than any 
flaws already present in the material. 
Composite B showed the greatest increase in roughness across the range of 
temperature changes with A and C performing more similarly until the final 
temperature change. 
Figure 5.24 shows the change in the measured waviness from the control group. 
 
Figure 5. 24: Change in waviness from the control to the thermally shocked composite samples. 
The contrast here, compared to the roughness, is that the waviness increased as 
the temperature change increased meaning that the surface appears smoother. 
Here A and B showed the greatest increase at the centre of the disc and had 
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almost the same change across the whole range. Composite C only showed 
about a 50% decrease in waviness compared to the other two materials. 
Using the same prediction as the alumina, that a higher increase in waviness 
would show a lower ballistic performance, A and B will show the lowest 
performance and C the highest. 
5.7. Prediction of Ballistic Performance 
A summary of the predictions of the ballistic performance made from the results 
of the thermal shock testing and characterisation are given below.  
Firstly, the highest level prediction is that the SiC-B4C composites will outperform 
the alumina materials in ballistic applications. The superior performance of the 
carbide based materials in ballistic applications is well established. Hence, it was 
important that this ranking was evident from the thermal shock tests. Indeed, the 
severity of the tests had to be increased to initiate damage in the composite 
materials emphasising their superior thermal shock resistance. 
In the subsequent two sections, the differences within the two families of 
materials are explored. 
5.7.1. Alumina 
Referring to the summary presented in Table 5.5, it can be seen that AD995 has 
less damage, in terms of ultrasonic measured damage and cracking, and hence 
has less loss of strength than Sintox FA. Thus, the results from every set of tests 
lead to the conclusion that AD995 will perform better than Sintox FA in field tests, 
if thermal shock resistance is an indicator of ballistic resistance. 
Although AD995 is very approximately only half as much damaged as Sintox FA, 
it is unlikely that the scaling between thermal shock resistance and ballistic 
performance will match completely, so the extent which AD995 will be better than 
Sintox Fa is hard to predict. 
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Table 5.4: Predictions for the ballistic performance for AD995 and Sintox 
FA based on the results of the thermal shock testing. 
Technique Prediction 
Ultrasonics Temperature AD995 Sintox FA 
150℃ 29 41 
200℃ 32 62 
250℃ 39 78 
300℃ 53 102 
Sintox FA has almost twice the measured damage than that of AD995.  
Prediction: AD995 to have a higher ballistic performance than Sintox FA. 
Crack 
Analysis 
Temperature AD995 
Crack 
Radius/mm 
Sintox FA 
Total Crack 
Length/mm 
AD995 
Crack 
Radius/mm 
Sintox FA 
Crack 
Radius/mm 
150℃ 0 0 0 0 
200℃ 0 0 0 0 
250℃ 30 59 7 13 
300℃ 47 87 9 15 
No cracks were detected in either materials at 150℃ and 200℃ but Sintox 
FA showed twice the amount of damage than AD995 after shocks from 
higher temperatures.  
Prediction: AD995 to have a higher ballistic performance than Sintox FA.  
Residual 
Strength 
Temperature AD995 (N/mm2) Sintox FA (N/mm2) 
Control 482 485 
150℃ 480 480 
200℃ 470 470 
250℃ 326 304 
300℃ 190 174 
The residual strength of the AD995 was higher than Sintox FA at all 
temperatures consistent with the lower amount of damage detected. 
Prediction: AD995 to have a higher ballistic performance than Sintox FA. 
Fracture 
Pattern 
Both fracture patterns are very similar with Sintox FA appearing to show 
slightly greater irregularity than AD995. 
Prediction: AD995 will show a slightly better ballistic performance. 
Confocal 
Microscopy 
Sintox FA showed the greater reduction in waviness as a result of the 
thermal shock. 
Prediction: Sintox FA will show the lower ballistic performance. 
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5.7.2. Composites 
The behaviour of the three composite materials is more complex and hence, it is 
more difficult to make predictions. The results are not as consistent as those 
obtained for the alumina materials.  
Table 5.5: Predictions for the ballistic performance for the three composite 
materials based on the results of the thermal shock testing. 
Technique Prediction 
Ultrasonics Temperature A B C 
150℃ 11 13 15 
200℃ 12 14 30 
250℃ 15 29 36 
300℃ 19 44 47 
350℃ 49 59 48 
C had the highest detected damage at all thermal shock values below 
300℃ inclusive but the lowest at the highest temperature. At the highest 
thermal shock temperature, B showed the highest amount of detected 
damage by a large margin.  
Prediction: B will have the lower ballistic performance due to it showing the 
highest total amount of damage during the test. A will have the highest 
ballistic performance as it shows the lowest total damage. 
Residual 
Strength 
Temperature A B C 
Control 425 717 467 
150℃ 422 711 480 
200℃ 404 709 469 
250℃ 387 702 444 
300℃ 167 499 240 
350℃ 139 400 211 
B showed the greatest decrease in the residual strength even though it 
started with the highest initial strength. 
Prediction: If the change in residual strength is the determining factor of 
predicting ballistic performance, B will have the lowest ballistic 
performance followed by A, whilst, C will have the highest of the three. 
If absolute strength determines the ballistic performance, B will have the 
highest ballistic performance followed by C and then A. 
Fracture 
Pattern 
B showed the greatest spread of the number of pieces from the fracture as 
well as the highest number of pieces at each temperature. 
Prediction: B will show the lowest ballistic performance. A and C are not 
able to be differentiated. 
Confocal 
Microscopy 
B shows the largest increase in waviness whilst C shows the least. 
Prediction: B will have the lowest ballistic performance with C having the 
highest. 
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Most of these tests predict that composite B will have the lowest ballistic 
performance whilst A and C are more difficult to separate. However, if absolute 
strength is important then B will have the highest ballistic performance of the three 
materials. The ultrasonic data indicates that A sustained less damage of the two 
whilst the residual strength test showed that C had the lowest reduction of 
strength but it was very similar to that of A in terms of percentage change from 
before to after the thermal shock. 
To tell be able to predict which of A or C will have the highest ballistic performance 
it is necessary to determine which of the tests is likely to be the best for predicting 
ballistic performance. 
The ultrasonic data gives an indication of the amount of damage sustained by 
each material. This means the test is the most direct measurement of the thermal 
shock resistance. To have a definitive prediction of the ballistic performance, this 
test will be used as the primary indicator with a secondary prediction based on 
the differing rankings made from the other tests. 
It is therefore predicted that A will have the higher ballistic performance, C will 
have the next followed by B. 
The secondary prediction, based on the residual strength and confocal 
microscopy, is that B will again show the lowest ballistic performance and C will 
show the highest. 
Table 5.6 Predictions for each material based on each test method. 
Ranking Ultrasonic Crack 
Analysis 
Residual 
Strength 
Fracture 
Pattern 
Confocal 
Microscopy 
Lowest Sintox FA Sintox FA Sintox FA Sintox FA Sintox FA 
 AD995 AD995 AD995 AD995 AD995 
 B N/A B A B B 
 C N/A A C A/C A 
Highest A N/A C B A/C C 
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5.8. Ballistic Performance 
5.8.1. Introduction 
This section will present the ballistic data obtained for comparison with the results 
obtained during this project. The ballistic data for the ceramics used in this project 
was provided by Professor Bryn James of DSTL and from the work of Hazell 
(Hazell, 2010) for the alumina materials and from the work of Williams, (Williams, 
2015), at Morgan Advanced Ceramics for the composite materials. 
It is important to note that it was already established, that the SiC-B4C composites 
outperformed alumina ceramics in terms of ballistic performance. Thus, this 
section will focus on comparing the materials of each group rather than the two 
different types of material. 
5.8.2. Alumina Ballistic Data 
When comparing the two alumina materials in terms of ballistic performance it is 
important that they were both tested using the same testing procedure and under 
identical conditions (or as close as possible within the variations of the testing 
method including projectile velocity.) 
Professor Paul Hazell used a depth-of-penetration (DOP) test to compare a 
variety of ceramic materials for ballistic performance (Hazell, 2010). Figure 5.25 
shows various ceramic materials and their ballistic performance with AD995 and 
Sintox FA both tested at a tile thickness of 4 mm. 
 
Figure 5. 25: Comparison of the ballistic performance of various ceramic and glass materials, 
(Hazell, 2010). 
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The measurement of the resisting stress is calculation made from the depth-of-
penetration of the ballistic projectile. It is an indication of the resistance that the 
material showed to the projectile and therefore how much energy was dissipated 
on impact. 
Hazell showed that AD995, at the same tile thickness had the higher ballistic 
performance compared to Sintox FA. The values for the average resisting stress 
of the armour materials for AD995 are almost double that of Sintox FA which 
matches well with the data obtained from the thermal shock experimentation. 
Thus it would appear that the thermal shock testing is a good indicator of the 
relative performance in a DOP test at least for these two alumina materials. 
The data provided by DSTL was in the form of the relative ballistic mass 
efficiencies of the two alumina materials. The ballistic mass efficiency (Em) is the 
ratio of the weight of rolled homogeneous armour (RHA) steel to the weight of the 
alternate armour material that is needed to stop identical threats.  
Equation 5.1 is used to calculate the value for Em when a new material is tested. 
𝐸𝑚 =
𝑚𝑅𝐻𝐴
𝑚𝑐𝑒𝑟𝑎𝑚𝑖𝑐
 
where Em is the ballistic mass efficiency, mRHA is the mass of RHA needed to stop 
a certain threat and mceramic is the mass of a ceramic needed to stop an identical 
threat. 
The data given for the two alumina materials is the ballistic mass efficiency. The 
tests used a 30 mm armour-piercing fin-stabilized discarding-sabot (APFSDS) at 
1350 m/s. 
AD995                   Em = 1.53 
Sintox FA              Em = 1.58 
This means that for 1 kg of Sintox FA, 1.58 kg of RHA steel would be needed to 
stop an identical threat and that 1 kg of AD995 can stop the same threat as 1.53 
kg of RHA. 
These data indicate that, contrary to the prediction made from the thermal shock 
tests and the DOP data, Sintox FA has the higher ballistic performance of the two 
alumina materials, in this particular test. 
Equation 5.1 
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However, these data do not take in to account the difference in density of the two 
materials and therefore do not compare samples of the same thickness perform. 
Dividing the ballistic mass efficiency by the density of each material gives 
performance in terms of volume and the volume efficiency ranking is comparable 
to the ranking given by the DOP, which compares specimens of equal thickness 
AD995 VAD995 = 5.97 
Sintox FA  VSintox FA = 5.81 
Again, this number is a ratio of the volume of material comparative to the same 
performance of RHA, and a higher number is an indication of better performance. 
Therefore, when the performance of the two are compared in a real world 
application and taken in terms of the volume or thickness, the AD995 proves to 
be the higher performing material. 
When comparing the ballistic results with the predictions made from the thermal 
shock testing, the data for the two performances correlate in that AD995 shows 
the higher ballistic performance compared with Sintox FA. Thus, in this case 
thermal shock resistance is a good indicator of performance. 
5.8.3. Composite Ballistic Data 
The data obtained for the composite materials was in the form of V0 and V50 
results. V0 is known as the zero penetration velocity meaning that at that projectile 
velocity, zero projectiles penetrate through the armour material. V50 known as the 
ballistic limit is a similar and more commonly used test that predicts the velocity 
at which 50% of the projectiles are stopped by the armour and the other 50% 
make it through. A higher value for each indicates that the ceramic can stop a 
threat with a higher velocity than a material with a lower V0 or V50 value and 
therefore a higher value means a higher ballistic performance. Materials for which 
V0 and V50 are close are more reliable than materials for which V0 and V50 are far 
apart. 
V0 is calculated from the V50 results using Equation 5.2.  
𝑉0 =  𝑉50 − 3×𝑠𝑐𝑎𝑡𝑡𝑒𝑟 
Targets were shot with a 7.62 mm B32 API Mk2 surrogate, with projectile 
velocities between 750 m s-1 and 1050 m s-1 measured by a light screen system.  
Equation 5.2 
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Figure 5.26 shows the V0 and V50 results for the three composite ceramics 
(Williams, 2015). 
 
Figure 5. 26: V0 and V50 data for the three composite ceramics. (Williams, 2016) 
From the data given, it can be seen that the three materials perform differently 
when measuring the V0 and the V50 data. Composite A shows the highest ballistic 
performance but the greatest variability as the error is many times larger than the 
other two composites indeed it could be argued that the difference in behaviour 
between A and the other two materials is not significant. Although B and C 
perform very similarly, the error bars do not overlap and C out performed B by a 
small margin of approximately 35 m s-1.  
Of the three materials, A shows the least consistent performance as there is large 
variation between V0 and V50. C shows the least variability between the two as it 
has the lowest standard error.  
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Figure 5.27 shows the V50 for the three composites. 
 
Figure 5. 27: Graph showing the comparative V50 data for the three composites. 
The data from the thermal shock testing predicted that B would show the lowest 
ballistic performance. Thus, there is good correlation between thermal shock 
resistance and ballistic performance in this case. Composites A and C performed 
similarly throughout, again as shown by the ballistic data.  
It is not surprising that there two materials behaved similarly. They both have 
large (pseudo) particles of B4C. The B4C particles in A are in the form of 
agglomerates whereas in C they are in the form of coarse particles. These might 
be expected to create large flaws in the material. Hence the lower strength values 
compared to composite B, with the homogenous fine distribution. However, these 
large areas of B4C seem to confer certain amount of damage tolerance in that the 
thermal shock seems to have less of an effect on the two materials than on 
composite B. 
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Looking across all five materials and the various tests, it would appear that the 
degree of damage detected in the ultrasonic tests is the best predictor of ballistic 
performance, in that it led to the correct prediction of both the rank order of the 
materials and in the case of the alumina materials, the relative values in the DOP 
test. 
This is an interesting finding in that it suggests that the total amount of damage 
is more important than the critical flaw; composite B had more damage, but 
despite a higher residual strength, still had the worst ballistic performance. 
This is certainly something which should be explored further by testing more 
materials over a wider range of conditions and by using a range of 
characterisation techniques to try to identify the native of the damage. 
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6. Concluding Remarks 
6.1. Introduction 
This chapter presents conclusions from the current work. This is followed by 
some suggestions for future work. 
6.2. Conclusions from Current Work 
At the start of the project, several aims were set out. This section will determine 
if those aims have been met. 
The aims for the project were as follows: 
 To devise an experiment, as part of a suite of experiments, to investigate 
the thermal shock performance of a range of ceramic materials in a 
manner that is relevant to ballistic performance.  
 To use the techniques to rank a series of ceramics in terms of thermal 
shock performance. 
 To investigate the correlation between thermal shock and ballistic 
performance. 
Firstly, a unique testing method was devised for the project. The water-drop test 
was chosen because of how consistent it was during the preliminary testing and 
the simplicity and repeatability of the test. The water-drop test devised for this 
project had never been used before. It allowed the use of small, easily reproduced 
samples which meant a large amount of data could be obtained from small 
amounts of material.  
This technique was combined with a series of characterisation methods which 
together made up a suite of experiments. Using this thermal shock technique 
alongside the non-destructive testing of the ultrasonic testing, it was able to 
predict the residual strength performance of the alumina materials and, to a 
certain extent, the composite ceramics as well.  
The crack analysis data, for the alumina materials, correlated with the ultrasonic 
data very well and both sets of data allowed an accurate prediction of the residual 
strength of the two alumina compared to each other. 
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The residual strength results obtained for the composites showed an unexpected 
initial strength advantage for composite B but showed that B had the greatest 
loss of strength at the highest temperature as predicted from the ultrasonic data. 
The flexure fracture patterns obtained showed very little difference between the 
two alumina materials with Sintox FA showing a slightly more irregular fracture 
pattern. Composite B, the homogenous 1 µm B4C distribution, compared to the 
other two composites, showed a very irregular fracture pattern at the highest 
temperature but none of the composites showed a trend that correlated well with 
the other results obtained in the testing. 
The confocal microscopy measurements showed that when measuring the 
roughness or waviness at the centre of the disc, the area where the thermal shock 
took place, and the edge of the sample, a difference could be seen between the 
shocked and non-shocked areas of the fracture surface. 
The confocal microscopy also appeared to be able to detect damage at all levels 
of thermal shock and therefore may be able to detect micro-cracking before the 
critical ΔT has been reached.  
The final results of the testing, firstly, clearly showed the relative performance of 
the alumina materials in relation to the composite ceramics. The composites 
showed the higher thermal shock resistance throughout the testing. This, at the 
very least, means that the thermal shock performance of the two groups of 
ceramics could be used as a way of predicting relative ballistic performance. 
The testing proved suitable for ranking the alumina materials with a clear order 
of AD995 showing a higher thermal shock resistance than Sintox FA. Throughout 
the testing the AD995 materials outperformed the Sintox FA showing nearly half 
the amount of measurable damage in each test. 
Although the composite ceramics showed a less consistent pattern of thermal 
shock performance as the order appeared to vary depending on the temperature 
of the thermal shock. Ultimately the tests gave two predictions of the ballistic 
performance based on how the data from the thermal shock testing was 
interpreted. 
Having shown that the thermal shock tests could be used to predict that the higher 
ballistic performance of the families of ceramics, the results were analysed to 
136 
 
determine whether the thermal shock performance could correctly predict the 
performances of the individual ceramics relative to each other. 
In terms of both the ballistic mass efficiency data and depth-of-penetration data 
available, the thermal shock resistance of the alumina materials had correctly 
predicted the relative ballistic performances of the two materials. 
From the V50 ballistic data provided, the homogenous composite had the lowest 
performance, and the other two materials were very similar with agglomerate 
composite slightly outperforming the coarse grains. This ranking was predicted 
from the result of the ultrasonic testing so it is possible that this combination of 
thermal shock followed by damage detection could form the basis of a screening 
test in the future. 
Ultimately, all three of the aims set out at the beginning of the project were 
achieved as an experiment was devised, the ceramics were ranked in terms of 
thermal shock and this data was used to compare the thermal shock and ballistic 
performances. Thus, the overarching aim of the project was addressed and, for 
these five materials, at least, there is a correlation between thermal shock 
resistance and ballistic performance. 
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